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ABSTRACT OF DISSERTATION 
EVALUATION OF CORN AGRONOMIC MANAGEMENT PRACTICES 
FOLLOWING A RYE COVER CROP 
Fall implementation of a rye (Secale cereale L.) cover crop (RCC) prior to spring corn 
(Zea mays L.) planting is a management practice used to improve soil conservation, water 
quality, and limit herbicide dependence. However, corn growth and yield following a 
RCC is often reduced due to early-season nitrogen (N) stress and decreased plant 
emergence, which can limit RCC adoption. The objective(s) of this research were to 
evaluate corn agronomic management practices (e.g., N and seeding rate management, 
in-furrow (IF) starter use) following a RCC and determine which management practices 
can be used to limit corn stress following a RCC and improve RCC adoption. Field 
studies were established at three locations in Kentucky between 2017 and 2020. Our 
results determined IF fertilizer and/or fungicide and an above optimum N fertilizer rate 
did not improve corn grain yield in any site-year, and no interaction between a RCC was 
observed. However, a split application (5x5 starter + V6 sidedress) of N fertilizer and an 
elevated corn seeding rate was observed to improve corn emergence, in-season plant 
health, and grain yield following a RCC. Overall, our results suggest farmers should look 
to terminate a RCC earlier (14 – 21d before planting), use a split N application, and 
increase corn seeding rates to limit potential N stress, plant stand reduction, and yield loss 
following a RCC.   
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CHAPTER 1. LITERATURE REVIEW 
1.1 Kentucky Corn Production 
In 2017, Kentucky corn (Zea mays L.) production ranked 14th in the U.S. totaling 
5.5 million Mg with a total production value of 771 million U.S. dollars (USDA-NASS, 
2017). On average, Kentucky corn grain yields were 12 Mg ha-1, ranking 14th in the U.S 
(USDA-NASS, 2017). Corn production accounted for 34% and 24% of total crop area 
planted and crop production value, respectively in the state of Kentucky, second only to 
soybean (USDA-NASS, 2017).  
1.2 Cover Crop Use 
Winter cover crop use has become a renewed practice used to alleviate current 
environmental issues and management challenges associated with modern corn and 
soybean production systems in the U.S. (Seifert et al., 2018; Snapp and Surapur, 2018). 
In Kentucky, total farmland area planted to cover crops increased by 18% from 2012 to 
2017 (USDA-NASS, 2017). Interest stems from corn and soybean producers wishing to 
reduce soil erosion (Rorick and Kladivko, 2017), reduce soil nitrogen (N) loss (Kaspar et 
al., 2012), alleviate soil compaction (Chen and Weil, 2011), reduce herbicide dependence 
(Duiker and Curran, 2005), and improve overall soil health (Sainju et al., 2003), 
combined with improved incentives, cover crop varieties, and equipment devised to 
reduce costs and increase adoption (Seifert et al., 2018). In addition, global climate 
change model projections indicate greater frequency heavy rainfall events and increased 
rainfall variability in major crop producing areas, causing instances of both saturated 
soils which can delay planting, and drought which can increase crop failures (Groisman 
2 
 
et al., 2012; Winkler et al., 2012; Basche et al., 2015). Winter cover crops show potential 
to mitigate the risks from increased weather variability by improving soil water 
infiltration, soil water holding capacity, and reducing nutrient runoff and soil erosion 
(Stewart and Peterson, 2015; Basche et al., 2015).  
1.3 Rye as a Cover Crop 
Farmers have become interested in incorporated a rye (Secale cereale L.) cover 
crop (RCC) into traditionally fallow periods due to benefits including decreased weed 
incidence (Barnes and Putnam, 1983), improved soil aggregation (Rorick and Kladivko, 
2017), increased soil organic matter (Moore et al., 2014), decreased soil erosion and 
compaction (Tisdall and Oades, 1982; Blanco-Canqui et al., 2011), and elevated soil 
nutrient retention (Lundvall et al., 2017) (Dozier et al., 2017). Rye has gained popularity 
as a cover crop due to exceptional germination and establishment potential, winter 
hardiness, and significant biomass production across a wide range of field characteristics 
(Rorick and Kladivko, 2017). For example, in Indiana, Rorick and Kladivko (2017) 
determined that soil aggregate stability increased 55% in the top 10 cm of soil and 29% at 
the 10 to 20 cm level after 4 years of a RCC, thus reducing soil erosion, crusting, and 
improving soil water retention. Similarly, Sainju et al. (2003) determined that a 
nonlegume cover crop was more effective than a legume cover crop in increasing soil 
aggregation, soil C levels, SOM, microbial activity, and decreasing soil erosion. Moore et 
al. (2014) observed 15% greater SOM with a RCC over a 10-year period, while Kaspar et 
al. (2006) and Rorick and Kladivko (2017) saw no impact over a shorter period. 
3 
In addition to soil quality benefits, RCC adoption has been shown to reduce 
residual soil NO3-N levels which can contaminate surface and groundwater resources 
(Burkart and James, 1999; McSwiney et al., 2010; Bakker et al., 2016). Many soils in 
conventional farm systems are purposely held in an N saturated state to maximize crop 
yields (McSwiney et al., 2010). However, this decision can lead to significant soil N 
losses (McSwiney et al., 2010). Soil NO3-N losses can cause eutrophication of surface 
waters by stimulating algae production (Randall and Mulla, 2001). High cash crop N 
demands combined with soil N mobility allows a niche for grass cover crops to alter soil 
N cycling and reduce NO3-N levels through uptake during the months between corn and 
soybean harvest and planting (Kaspar et al., 2012; Rutan, 2017). In Iowa, Martinez-Feria 
et al. (2016) observed a 12% and 20% decrease in soil drainage water and NO3-N losses, 
respectively with a RCC. In comparison to a legume or non-cover cropped soil, a RCC is 
more effective in reducing soil residual N (Vyn et al., 1999) and subsequent N losses 
caused by leaching (McCracken et al., 1994). Sainju et al. (1998) found that rye produced 
a higher number of roots (no. roots cm-2 soil), a higher total root density (cm root length 
cm-3 soil), and higher total aboveground biomass, which contributed to lower soil NO3-N
levels than both hairy vetch (Vicia villosa Roth) and crimson clover (Trifolium 
incarnatum L.) cover crops. McCracken et al. (1994) observed N leaching losses reduced 
from 37.3 to 1.5 kg N ha-1 when utilizing a RCC. Strock et al. (2004) reported a 13% 
decrease in NO3-N loss with a RCC following corn compared to no cover crop. Over 5 
years, Kaspar et al. (2012) observed a RCC reduce drainage water NO3-N levels by 48%. 
Similarly, Kladivko et al. (2014) determined RCC adoption has the potential to reduce 
NO3-N leaching into the Mississippi river by 20%.  
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Kentucky currently ranks 6th in the U.S. in percent area dedicated to no-till 
production, totaling approximately 931,000 hectares (USDA-NASS, 2012). From 2012 to 
2017, reduced tillage and no-till acres in the state of Kentucky increases by 17 and 4%, 
respectively (USDA-NASS, 2017). No-till production is popular due to its effectiveness 
in reducing soil erosion, labor needs, fuel costs, and improving soil structure and organic 
matter levels (Gebhardt et al., 1985). However, no-till largely relies on the use of 
chemical herbicides for control of weeds, resulting in weed resistance that limits effective 
herbicide options, and thus threatens further no-till adoption (Duiker and Curran, 2005). 
No-till producers show continued interest in utilizing a RCC to reduce herbicide 
dependence by raising competition and reducing light levels and temperature at the soil 
surface (Duiker and Curran, 2005; Mirsky et al., 2011). In Kentucky, Haramoto (2019) 
observed 45% greater biomass production from a RCC and a 90 and 73% reduction in 
weed biomass compared to drilled and broadcast wheat cover crop plots, respectively. 
Additionally, Sherman et al. (2019) observed 90 – 98% reduction in winter weed biomass 
when a RCC was incorporated compared to no cover crop. In North Carolina, Yenish et 
al. (1996) observed a 52% decrease in total weed biomass with a RCC compared to a no 
cover/no-till system. Similarly, Barberi and Mazzoncini (2001) observed a 54 to 99% 
decrease in weed biomass prior to corn planting when using a RCC. Johnson et al. (1993) 
determined a RCC could control weeds similar to herbicide applications in Missouri, 
however subsequent corn grain yield was reduced by 34 and 67 % in 1989 and 1990, 
respectively when compared to no RCC.  
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1.4 Rye Cover Crop Impact on Corn Grain Yield 
Despite an abundance of observed benefits, producers are hesitant to adopt a RCC 
due to occasional corn yield decreases observed (Eckert, 1988; Kaspar and Bakker, 2015; 
Pantoja et al., 2015; Bakker et al., 2016; Martinez-Feria et al., 2017). Farmers are aware 
of RCC value in improving soil and environmental resources, yet previous research has 
observed a knowledge gap regarding RCC costs, management, and the subsequent corn 
yield loss concerns which limit RCC adoption (Singer et al., 2007; Marcillo and Miquez, 
2017). Additionally, previous literature involving RCC impacts on corn yield lacks 
consensus (Snapp and Surapur, 2018). The impact of RCC on corn growth, development, 
and yield depends on the nutrient uptake, residue C/N ratio, termination date, and water 
use of the RCC (Chatterjee and Clay, 2016). Yield losses can occur due to reduced plant 
populations, soil N immobilization, soil water depletion, residue equipment interference, 
decreased seed to soil contact, and increased seedling disease incidence (Eckert, 1988; 
Kaspar and Bakker, 2015; Marcillo and Miguez, 2017). In addition, delaying RCC spring 
termination to maximize RCC biomass production and N uptake can increase the 
negative effects observed (Li et al., 2013; Pantoja et al., 2016) 
Eckert (1988) attributed corn yield losses following a RCC to decreased plant 
stand caused by both excessive moisture and soil water depletion (depending on year), 
and poor seed to soil contact at planting. Patel et al. (2019) observed a 1.5% decrease in 
corn yield, regardless of tillage system. Pantoja et al. (2015) observed elevated N stress, 
decreased stand, and reduced growth in corn following a RCC which translated to a 6% 
decrease in grain yield. Kaspar and Bakker (2015) observed corn yield decreases in two 
of four years following a RCC, attributing yield losses to decreased plant populations and 
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increased number of sterile plants. Martinez-Feria et al. (2016) observed a 6% corn yield 
decrease following a RCC.  In Illinois, Miguez and Bollero (2006) observed corn yield 
decreases following a RCC at N rates below 90 kg N ha-1. In contrast, Duiker and Curran 
(2005) observed no significant reductions in corn yield following a RCC, if the RCC was 
terminated 7-10 days prior to corn planting and adequate N fertilizer was applied. Across 
eight years, Snapp and Surapur (2018) observed no corn yield response to a RCC 
(averaging <1.3 Mg ha-1 total biomass) across variable weather conditions. A recent 
meta-analysis by Marcillo and Miguez (2017) totaling 268 observations and 65 studies 
from the U.S. and Canada determined grass winter cover crops have a neutral impact on 
corn yields and when managed properly, observed corn productivity limitations can be 
reduced, however large variations were observed across studies examined. On a sandy 
textured, irrigated soil in Wisconsin, corn yield was increased by 24% with a RCC 
compared to fallow, attributed to reduced N loss and the rotation effect (Andraski and 
Bundy, 2005). Similarly, Chen and Weil (2011) observed corn silage yield increases with 
a RCC on soils dominated by sandy loam and coarse loamy sand A horizons because of 
an elevated moisture supply to the subsequent corn crop.  
1.5 Rye Cover Crop Impact on Corn Seedling Disease 
A RCC may also hinder corn yield by contributing to increased populations of 
corn seedling pathogens which cause reduced plant populations (Bakker et al., 2016; 
Acharya et al., 2017). With both corn and rye being from the same family, Poaceae, 
probable pathogens could be shared (Gilbert et al., 2015; Bakker et al., 2016). Being a 
living pathogen host, a RCC may allow pathogens to maintain or increase their 
population size throughout normally fallow periods where pathogen population sizes 
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normally decrease (Smiley et al., 1992; Acharya et al., 2017). For example, Bakker et al. 
(2016) isolated corn seedling pathogens Fusarium graminearum, F. oxysporum, Pythium 
sylvaticum, and P. torulosum from roots of rye, each of which were observed to cause 
root disease on corn seedlings. Bakker et al. (2016) concluded each of the four pathogens 
isolated were routinely detected over the two years a RCC was grown and at least one 
pathogen was detected in every plot that was tested. In addition, a controlled-
environment-chamber experiment determined pathogen densities significantly increased 
over a two-week period following chemical RCC termination (Bakker et al., 2016). 
Radicles of corn seedlings have been observed to have significantly higher pathogen 
densities when following a RCC, in comparison to winter fallow (Bakker et al., 2016).   
Timing of RCC chemical termination prior to corn planting may also influence 
corn growth, grain yield, and seedling disease presence (Archarya et al., 2017). Archarya 
et al. (2017) determined corn had significantly reduced emergence, shoot growth, grain 
yield, and increased seedling disease incidence (Pythium and Fusarium spp.) when 
planted fewer than 10-d following RCC termination. The period between RCC 
termination and corn planting influences RCC growth and shoot biomass production 
(Acharya et al., 2017). Since previous research has quantified the ability of RCC roots to 
host corn seedling pathogens (Bakker et al., 2016), shortening the period between RCC 
termination and corn planting likely allows for higher RCC root production and more 
abundant and persistent pathogen populations in the soil (Acharya et al., 2017). A RCC 
should be terminated a minimum of 10-14 day prior to corn planting to minimize corn 
seedling disease incidence and yield loss (Archarya et al., 2017).  
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Corn planters are typically equipped with liquid in-furrow application systems 
used to place fertilizer, fungicide, insecticide, or a combination near the seed (Pierson et 
al., 2018, Quinn et al., 2020). Recently, fungicides have been labelled for in-furrow 
applications and promoted to enhance seedling vigor and protect seedlings against soil-
borne pathogens (e.g., Fusarium, Phytophthora, Pythium, and Rhizoctonia) typically 
found in cool, wet soil conditions (Pierson et al., 2018). In-furrow fungicides may 
provide additional corn seedling protection from the elevated soil-borne pathogen 
incidence following a RCC. However, no research has addressed this question. Pierson et 
al. (2018) examined soybean response to in-furrow fungicide, fertilizer, and their 
combination across 14 site-years in both the U.S. and Canada. Pierson et al. (2018) 
observed often inconsistent yield response to in-furrow fungicide application across site-
years, with yield responses ranging from -9.0 to 4.2 bu A-1. Only three of 14 site-years 
exhibited cool and wet soils at planting and no site-years observed significant disease 
incidence (Pierson et al., 2018). Authors determined in-furrow fungicide application may 
only be beneficial in fields with a history of soil-borne pathogen incidences (Pierson et 
al., 2018). However, additional research is needed to determine both corn response to in-
furrow fungicide applications, and the interaction between a RCC and in-furrow 
fungicide application.  
1.6 Rye Cover Crop Impact on Nitrogen Availability 
Nitrogen is the most frequently deficient nutrient in non-legume plants (Havlin et 
al., 2014). Due to large plant elemental composition (1-6%) and often inadequate rate of 
N mineralization in annual crop production, N is the most limiting nutrient in grain crop 
systems (Fernandez et al., 2009; Robertson and Vitousek, 2009). Next to adequate 
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moisture, availability of N is the most important factor for producing high yielding corn 
(Franzen, 2016). Due to most soils inability to supply sufficient amounts of plant 
available N, inorganic and/or organic N sources must be applied (Havlin et al., 2014). In 
2016, 97% of corn acres planted in the U.S. received N fertilizer at an average rate of 162 
kg N ha-1. Total N applied in the U.S. reached 5.6 billion kg in 2016, accounting for 57% 
of major plant nutrients applied (N, phosphorus, potassium, sulfur) (USDA-NASS, 
2016). Total N applied in Kentucky ranked 13th in the U.S. with a value of 113.4 million 
kg., accounting for 52% of major plant nutrients applied in the state (USDA-NASS, 
2016).  
 Previous research has shown a RCC can limit corn yield through the uptake and 
depletion of plant available N (Raimbult et al., 1991; Unger and Vigil, 1998; Mirsky et 
al., 2015; Krueger et al., 2011). On average, McSwiney et al. (2010) observed a 30% 
decrease in total corn biomass, and a 39% decrease in total corn N uptake at tasseling 
when following either a wheat (Triticum aestivum L.) cover crop or RCC. Over a 5-year 
period, Kaspar et al. (2012) determined on average, a RCC produced a shoot biomass of 
1.3 Mg ha-1 and accumulated 41 kg N ha-1. Similarly, in Michigan, RCC accumulated 42 
to 135 kg N ha-1 and on average reduced soil inorganic N levels by 13 kg N ha-1 prior to 
dry bean (Phaseolus vulgaris L.) planting (Hill et al., 2016). In contrast, Snapp and 
Surapur observed a 58% increase in mid-season (8 weeks after planting) soil inorganic N 
levels with a RCC compared to fallow due to in-season N mineralization.  
In addition to additional N uptake, a RCC is often spring terminated at a growth 
stage which produces a high surface residue and root C/N ratio (>30:1 and >60:1, 
respectively) which can lead to early-season N immobilization (Reeves, 1994; Kuo et al., 
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1997; Kuo and Jellum, 2002; McSwiney et al., 2010). Plant residue C/N ratios >25:1 can 
immobilize both soil and fertilizer N (Allison, 1966). Wagger et al. (1985) determined 
that increasing residue C/N ratio from 28 to 37 increases net N immobilization from 12 to 
33%, respectively. Even early terminated rye (late March) has been shown to produce 
C/N ratios of 24:1 at low observed biomass levels (831 kg ha-1), thus resulting in N 
immobilization (Clark et al., 1997). However, research by McSwiney et al. (2010) 
observed a wheat cover crop produce a C/N ratio of 27:1 causing N immobilization and 
reduced corn N uptake, yet no decrease in grain yield was observed. The authors 
determined N immobilization can mediate N losses and tighten the N cycle without 
harming corn grain yield (McSwiney et al., 2010). Similarly, Snapp and Surapur (2018) 
observed no corn yield losses following a RCC over eight years, with an average residue 
C/N ratio of 26:1.  
The impact of a RCC on soil inorganic N levels can also be dictated by both RCC 
termination timing and topographical position (Krueger et al., 2011; Ladoni et al., 2015; 
Archarya et al., 2017). Delaying RCC removal increases RCC biomass produced and 
subsequent soil resource depletion, which negatively impacts corn development and yield 
(Krueger et al., 2011). Archarya et al. (2017) observed RCC shoot biomass production 
levels of 1 to 4.5 Mg ha-1, with accumulated N levels of 20 to 60 kg ha-1, increasing as 
RCC termination is delayed. In Minnesota, a RCC terminated three to four weeks prior to 
corn planting reduced soil NO3-N by 35% and a forage harvested RCC two days prior to 
corn planting reduced soil NO3-N by 59% compared to the control (Krueger et al., 2011). 
Following forage-harvested rye, corn silage biomass yield was decreased by 4.5 Mg ha-1 
(Krueger et al., 2011). Based on Minnesota corn N fertilizer rate recommendations and 
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observed soil NO3-N levels, Krueger et al. (2011) determined an additional 12, 67, and 
111 kg N ha-1 was needed for the control, terminated RCC, and forage harvested RCC, 
respectively. Similarly, a RCC terminated 7 days prior to corn planting in Illinois reduced 
corn biomass, N uptake, and grain yield (Crandall et al., 2005). In addition to termination 
timing, Ladoni et al. (2015) observed a 15% decrease in soil NO3-N levels within 
topographical depressions but no soil NO3-N responses on slope and summit positions, 
suggesting a RCC can contribute to erosion control and C sequestration on eroded, 
unfertile slopes without harming corn N availability.  
1.7 Rye Cover Crop Impact on Corn N Fertilizer Rate 
With a RCC removing soil NO3-N and limiting plant available N, farmers 
continue to question the impacts of a RCC on corn optimal N application rate (Pantoja et 
al., 2015). Growers tend to assume additional N is required when corn is following a 
RCC. In Kentucky, Frye et al. (1985) observed greater corn yield response to N fertilizer 
rate following a RCC compared to corn following crimson clover (Trifolium incarnatum 
L.), big flower vetch (Vicia grandiflora W. Koch var. Kitailbeliana), or corn residue. In 
Maryland, Clark et al. (1997) observed a higher N fertilizer requirement for corn 
following a RCC, regardless of RCC termination date or corn planting date, due to 
residue immobilization of N reducing corn N availability. In contrast, on sandy soils in 
Wisconsin, Andraski and Bundy (2005) observed a decrease of 32 kg N ha-1 in the corn 
economically optimum nitrogen rate (EONR) in two of three years following a RCC. 
However, research in Illinois, Iowa, and Michigan determined corn optimal N rate 
required no adjustment when following a RCC (Miguez and Bollero, 2006; McSwiney et 
al., 2010; Pantoja et al., 2015; Snapp and Surapur, 2018).  
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Observed inconsistencies of RCC impact on plant available N increases the 
difficulty of determining the impact of a RCC on corn optimal N rate (Pantoja et al., 
2015). For example, research has indicated that N remains in RCC biomass, and soil 
inorganic N is immobilized due to the high C/N ratios associated with RCC biomass 
(Krueger et al., 2010; Kaspar and Singer, 2011; Hill et al., 2016). Other trials have 
observed an increase in soil N, reducing the need for additional N fertilizer (Andraski and 
Bundy; Sainju and Singh, 2008), whereas Kuo and Jellum (2002) observed no impact on 
inorganic soil N levels with a RCC. Additionally, degradation of RCC biomass can 
recycle N to the soil, yet research has observed a lack of synchrony between the period of 
corn N demand and N release from RCC biomass (Hoorman et al., 2009; Snyder and 
Meisinger, 2012), and non-beneficial amounts of N being recycled (Pantoja et al., 2016). 
McSwiney et al. (2010) observed N contributions totaling 14.4 kg and 13.9 kg ha-1 for 
RCC plus weeds and weeds only, respectively. Ruffo and Bollero (2003) only observed a 
33% release of initial N content from RCC residue at the corn V6 growth stage and 5% 
undecomposed rye residue at harvest, suggesting slow decomposition and insufficient N 
release to impact corn grain yield. The complex and transient nature of soil N, year-to-
year variability of soil moisture, microbial activity, and the interactions of each factor, 
increase the difficulty of predicting synchrony between N mineralization and crop N 
demand (Snapp and Surapur, 2018).  
1.8 Kentucky Corn N Fertilizer Recommendations 
Due to little residual fertilizer N availability to subsequent crops, Kentucky crops 
rely strictly on organic matter mineralization and N fertilization to meet N requirements 
(Ritchey and McGrath, 2018). Corn N fertilizer rate recommendations in Kentucky are 
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based on data received from continuous state-wide N response trials and are categorized 
by cover crop presence, tillage practice, soil drainage class, irrigation, and N application 
timing (Ritchey and McGrath, 2018). Although Kentucky N fertilizer recommendations 
include adjustments for cover crop presence, N recommendations for corn following a 
small grain cover crop such as rye are equal to corn following fallow ground (Ritchey 
and McGrath, 2018). Additionally, U.S. Midwest states currently using the maximum 
return to N (MRTN) decision support tool to predict corn N requirements fail to include 
the implications of incorporating cover crops into the rotation on optimum corn N rates 
(Adeyemi et al., 2020). Based on the previous research discussed these recommendations 
may need to be reexamined to determine whether an N rate adjustment is required to limit 
corn yield loss follow a RCC. Additionally, can the inclusion of a starter N application 
and various N fertilizer application timings improve corn nitrogen use efficiency (NUE) 
following a RCC and warrant changes to recommended corn N fertilizer rates? 
1.9 Corn Starter Fertilizer Use 
Liquid starter fertilizers containing nutrients such as N and P applied in bands 
either to the side and below the seed (5 x 5 cm) or directly in the seed furrow (IF) are 
commonly used to improve early-season crop nutrient uptake and growth (Bermudez and 
Mallarino, 2004; Wortmann et al., 2006; Kaiser et al., 2016; Rutan and Steinke, 2018; 
Quinn et al., 2020). In a recent meta-analysis, Quinn et al. (2020) determined starter 
fertilizer application can increase corn yield by an average of 5.2%, regardless of 
placement. The IF placement is more common due to similar early-season growth and 
yield responses observed (Wortmann et al., 2006), less planter equipment requirements, 
and less of an influence from early-season soil moisture conditions compared to the 5 x 5 
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cm placement (Kaiser et al., 2016; Rutan and Steinke, 2018). However, reduced fertilizer 
rates and non-urea forms of N are required with IF to avoid seedling injury, stand 
reductions, and yield loss (Raun et al., 1986; Rehm and Lamb, 2009). Compared to IF, a 
5 x 5 cm starter N application yield increases are attributed to reduced seedling injury and 
higher N rates applied (16.3-27.2 kg N ha-1) (Lamond and Gordon, 2001; Bermudez and 
Mallarino, 2002; Quinn et al. 2020). However, a 5 x 5 cm starter N application has been 
shown to be more beneficial to corn grain yield than an IF application when sidedress N 
is delayed to late vegetative growth stages (e.g. V11), due to higher total at-plant N 
supplied (Rutan and Steinke, 2018; Quinn et al., 2020).  
 Corn yield response to IF fertilizer is often dependent on soil test nutrient values, 
soil temperature, and soil moisture levels (Rehm et al., 1988). In Minnesota, Vetsch and 
Randall (2002) observed early-season plant height increases and a 0.5 Mg ha-1 increase in 
corn grain yield with IF fertilizer, regardless of tillage practice or crop rotation. Rutan 
and Steinke (2018) observed increased V6 and V11 corn vigor with IF application as well 
as corn stand loss under dry soil conditions. Kaiser et al. (2016) observed increased early-
season plant height and kernel mass, and decreased harvest grain moisture and kernel 
number m-2 when using an IF application of 100-150-0 (g kg-1 N-P-K). Kaiser et al. 
(2005) observed increased early-season corn growth and P and K uptake with IF 
fertilizer, however IF fertilizer did not further increase corn grain yield when combined 
with broadcast P-K fertilizer application. In Louisiana, IF fertilizer increased corn grain 
yield from 0.4 to 1.4 Mg ha-1 in two of three site-years, increased early-season plant 
height 2 to 36%, reduced grain harvest moisture by 5%, and silking date by 3 to 5 days 
(Mascagni and Boquet, 1996). Bermudez and Mallarino (2002) observed the greatest 
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corn yield responses (200-671 kg ha-1) to starter fertilization on Iowa no-till soils 
measuring low in P (<16 mg kg-1, Bray-P1). Bermudez and Mallarino (2002) also 
observed an early-season growth increase of 32% with IF fertilizer, yet the growth 
response was poorly correlated (r=0.44) to the increase in yield (2.4%), suggesting corn 
yield response to IF fertilizer was more dependent on soil test P, rather than early-season 
growth increases.  
Starter fertilizers are commonly used in the northern Corn Belt due to cooler soil 
conditions, however reduced tillage, high residue soils can also exhibit a response to 
starter fertilization due to observed lower temperatures and a higher moisture content at 
planting (Kaspar et al., 1990; Scharf, 1999; Bermudez and Mallarino, 2004; Niehues et 
al., 2004). For example, no-till soils with increased surface residue levels from a RCC 
can further increase the risk of slower early-season growth and reduced nutrient 
availability at planting (Bermudez and Mallarino, 2004). Bermudez and Mallarino (2004) 
observed IF fertilizer increase corn grain yield 1.1%, early-season growth 27%, and plant 
N or P uptake by 30%, yet saw similar responses across no-till and conventional till 
management systems. In Missouri, Scharf (1999) determined starter fertilizer containing 
both N and P increased corn yield 0.87 Mg ha-1 on no-till soils in the southern Corn Belt. 
On continuous no-till soils in Kansas, Niehues et al. (2004) observed significantly higher 
corn grain yields with IF fertilizer containing N, P, K, and S, up to an N rate of 22 kg N 
ha-1 across 3 years compared to a broadcast fertilizer program. In Nebraska, Wortmann et 
al. (2006) observed a 30% and 10% increase in early season corn growth within no-till 
irrigated and rainfed systems, respectively with starter fertilizer (IF or 5 x 5 cm) 
containing N, P, and S. However, corn grain yield was only significantly increased under 
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an irrigated system due to adequate soil moisture availability and below critical soil test P 
levels (Wortmann et al., 2006). 
Although starter fertilizer use has been studied extensively in the U.S. across 
tillage systems and corn planting dates, little information exists understanding the use of 
starter fertilizers to enhance corn growth and improve early season nutrient uptake 
following a RCC. In Iowa, Patel et al. (2019) examined the impact of 34 kg N ha-1
applied in a 5x5 starter on corn at planting and determined there was no significant 
impact of RCC presence on corn response to starter fertilizer. A study by Vann et al. 
(2017) examined the impacts of subsurface banded feather meal and poultry litter for 
organic corn following a rye and hairy vetch (Vicia villosa Roth) cover crop mixture. The 
authors determined subsurface banded fertilizer significantly increased corn grain yield 
compared to no fertilizer following a cover crop, yet yielded less than a broadcast 
fertilizer application, however plant available N (PAN) was significantly less for 
subsurface feather meal and poultry litter (80 and 12 kg N ha-1, respectively) than 
broadcast poultry litter (160 kg N ha-1) (Vann et al., 2017).  The potential for starter 
fertilization to improve corn grain yields has been shown, however further research is 
needed to understand the potential impacts of starter fertilizer applications within a 
conventional corn-RCC management system.  
1.10 Corn N Fertilizer Application Timing 
Reduced corn N uptake and higher N immobilization incidence at planting 
following a RCC suggests the use of delayed N applications to account for the reduced N 
availability and improve NUE (Crandall et al., 2005). In addition, Bender et al. (2013) 
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determined corn N uptake isn’t greatest until late vegetative growth stages V10-14 and 
late reproductive growth stages R2-6. However, others have suggested that early N 
fertilizer applications at planting could eliminate N immobilization allowing early-season 
corn N needs to be met, thus reducing corn yield penalties from a RCC (Adeyemi et al., 
2020). Pre-plant N applications allow greater exposure of N to N loss conditions 
(immobilization, leaching, and denitrification) during a time of low plant N uptake 
(Scharf et al., 2002). Delayed N applications may allow for the avoidance of early-season 
N loss and allow N to be supplied immediately prior to peak uptake (Bender et al., 2013), 
yet also allows the risk of irreversible yield loss caused by early-season N stress (Binder 
et al., 2000; Scharf et al., 2002).  
In Missouri, Scharf et al. (2002) observed no irreversible corn yield loss when a 
single N application was delayed up until V11, despite visible N stress. In comparison, 
Binder et al. (2000) observed corn yield reductions when N application was delayed until 
V6 or VT, depending on the year. On no-till soils, Stecker et al. (1993) observed similar 
N losses and corn grain yields for at-plant and sidedress (V6-8) N applications. Fox et al. 
(1986) observed more efficient N utilization from sidedress (V5-6) N application 
compared to pre-plant for no-till corn, yet no significant differences in grain yield were 
observed between the different N timings across multiple N sources and N application 
methods. Jokela and Randall (1989) did not observe increased corn grain yield, dry 
matter, or NUE when delaying N application from planting until V8. Additionally, in the 
same study, corn N uptake was reduced from 54 to 48 kg N ha-1 when N application was 
delayed until V8 (Jokela and Randall, 1997). In 2 of 6 site-years, Rutan and Steinke 
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(2018) observed significant corn yield increases when N was applied at V4 with an at-
plant IF N application compared to a pre-plant incorporated N application.  
Despite research examining corn response to different N fertilizer application 
timings, limited information exists examining corn response to N timings when following 
a RCC. Previous research has shown the complexity and differences of N dynamics under 
no-till and cover cropped soils, yet many current N timing recommendations are solely 
based off conventional-till systems (Reeves et al., 1993).  Research by Reeves et al. 
(1993) examined conservation-till corn response to N application timing following a 
winter legume cover crop. Authors observed maximum dry matter production, NUE, and 
grain yield from at-plant N fertilizer application compared to both split and delayed N 
fertilizer applications (Reeves et al., 1993). However, legume cover crops supply 
significantly greater mineralized N from decomposing residues than a RCC, suggesting 
further research is needed to understand RCC impacts on optimal corn N application 
timing.  
1.11 Optimum Corn Seeding Rate 
Farmers show continued interest in growing corn in dense populations to 
maximize corn grain yield (Reeves and Cox, 2013; Mackey et al., 2016). Modern corn 
hybrids require greater seeding rates than older hybrids to maximize grain yield because 
newer hybrids have greater resistance to lodging and drought (Hammer et al., 2009; 
Reeves and Cox, 2013). Higher plant populations can result in denser plant stands and 
more intercepted canopy light which results in higher grain yields (Boomsma et al., 2009; 
Mackey et al., 2016). Optimum corn populations exceed 80,000 plants ha-1, yet optimum 
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populations are often both latitude and environmentally dependent (Reeves and Cox, 
2013; Mackey et al., 2016). For example, optimum corn plant populations have been 
determined as 83,300 plants ha-1 in Wisconsin (Stanger and Lauer, 2006), 74,000 plants 
ha-1 in Ohio (Thomison et al., 2011), 69,000 plants ha-1 in Indiana (Boomsma et al., 
2009), 61,800 plants ha-1 in Nebraska (Shapiro and Wortmann, 2006), 90,000 plants ha-1 
in Iowa (Coulter et al., 2010), 81,500 to 109,000 plants ha-1 in Minnesota (Van Roekel 
and Coulter, 2012), and 89,000 plants ha-1 in Michigan (Widdicombe and Thelen, 2002). 
In Kentucky, Mackey et al. (2016) observed a 101 kg ha-1 corn yield increase per 1000 
seed increase in seeding rate under favorable conditions, whereas under drought 
conditions, grain yield decreased 59 kg ha-1 per 1000 seed increase in seeding rate, 
suggesting optimum corn densities are soil moisture dependent.  
Multiple research trials have observed significant corn stand losses following a 
RCC due to increased seedling disease (Acharya et al., 2017), soil moisture depletion 
(Eckert et al., 1988), excessive moisture (Eckert et al., 1988; Pantoja et al., 2015), cool 
soil conditions (Kaspar et al., 1990; Kaspar and Bakker, 2015; Pantoja et al., 2015), poor 
seed to soil contact and variable depth at planting (Eckert et al., 1988; Kaspar and 
Bakker, 2015), insect feeding, RCC surface mulch, and poor RCC residue removal from 
the seed row at planting (Kaspar and Bakker, 2015; Pantoja et al., 2015).  On average, 
Kaspar and Bakker (2015) observed a 5% reduction in corn harvest plant population 
across four different years and six different RCC cultivars tested, with authors noting 
significant plant population reductions in two of four trial years. Similarly, Pantoja et al. 
(2015) observed a 5% loss in corn plant population measured at the V4 to V7 growth 
stages when following a RCC. Reduced corn grain yields because of decreased plant 
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stands following a RCC may warrant higher seeding rates to maximize corn grain yields. 
However, no published research has examined this question. Similar research has 
addressed corn seeding rate difference across tillage systems (conventional, strip-till, and 
no-till), however no significant interactions were observed between corn seeding rate and 
tillage system for grain yield, kernel weight, plant populations, ears per plant, or kernels 
per ear (Sweeney, 2016). 
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CHAPTER 2. CORN YIELD RESPONSE TO SUB-SURFACE BANDED STARTER FERTILIZER IN 
THE U.S.: A META-ANALYSIS 
Article published in Field Crops Research: Quinn, D.J., C.D. Lee, and H.J. Poffenbarger 
2020. Corn yield response to sub-surface banded starter fertilizer in the U.S.: A meta-
analysis. Field Crops Res. 245:107834. 
2.1 ABSTRACT 
Sub-surface fertilizer application at planting (i.e., starter fertilization) is a common 
practice in U.S. corn (Zea Mays L.) production to improve early-season nutrient uptake, 
nutrient use efficiency, and plant growth, especially under cool and moist spring soil 
conditions. However, yield increases from starter applications can vary across production 
systems and environments. Here, we use a meta-analysis approach to quantify and 
generalize corn yield responses to sub-surface starter fertilizer applications in the U.S. 
and to understand the management and environmental factors that drive variability in 
corn yield response across previously published research. This meta-analysis summarizes 
peer-reviewed research from the U.S. published between 1990 and 2019. The dataset 
encompasses 474 observations from 23 studies conducted in various locations and 
includes information regarding management practices used and soil and weather 
conditions. We calculated effect size as the natural log of the response ratio, with the 
response ratio determined as corn yield with a starter fertilizer application containing 
nitrogen (N) and phosphorus (P) or N, P, and potassium (K) relative to corn yield without 
a starter fertilizer application. Additionally, we investigated the impact of potential 
moderator variables on corn response to sub-surface starter fertilization (e.g. agronomic 
practices, soil properties, and weather conditions). On average, fertilizer sub-surface 
applied in the furrow or banded 5 cm to the side and 5 cm below the seed at planting 
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increased corn yield by 5.2%. Corn response to starter fertilization was consistent across 
many agronomic and environmental conditions including different tillage systems, 
previous crops, soil textures, and planting season weather conditions. Yield benefits 
decreased with increasing soil test P and K levels. Nevertheless, yield increases from 
starter fertilization occurred with soil test levels up to 500% and 300% of the P and K 
critical levels, respectively. In addition, corn yield benefits from starter fertilization 
decreased as corn planting density increased and as corn yield level decreased. Overall, 
this meta-analysis provides support for the use of sub-surface starter fertilizer 
applications to improve corn yield. 
2.2 INTRODUCTION 
 Sub-surface starter fertilizers containing single nutrients or combinations of 
nutrients [e.g., nitrogen (N), phosphorus (P), potassium (K)] are routinely applied in 
bands close to the corn (Zea mays L.) seed furrow at planting to improve early-season 
nutrient uptake, nutrient use efficiency, and plant growth under cool and moist soil 
conditions (Bermudez and Mallarino, 2004; Wortmann et al., 2006; Kaiser et al., 2016; 
Rutan and Steinke, 2018). Sub-surface placement of fertilizer at planting provides 
immediate nutrient access to emerging corn roots, increases the concentration of 
relatively immobile nutrients (P and K) near the corn rooting zone, stimulates root 
growth, induces favorable rhizosphere chemical changes, limits volatilization of N, and 
reduces total nutrient losses, thus improving use efficiency of applied nutrients (Riley and 
Barber, 1971; Barber and Kovar, 1985; Zhang et al., 2000; Lamond and Gordon, 2001; 
Kaiser et al., 2005). In addition, nutrient placement close to the seed at planting has been 
shown to increase early-season dry matter production (Kaiser et al., 2005; Kim et al., 
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2013; Kaiser et al., 2016), plant height (Vetsch and Randall, 2002; Rutan and Steinke, 
2018), shorten the period between planting and silking (Bullock et al., 1993; Cromley et 
al., 2006; Kaiser et al., 2016), and reduce grain moisture at harvest (Bullock et al., 1993; 
Kaiser et al., 2016).   
 Sub-surface starter fertilizers may be placed directly in the seed furrow (IF) or 5 
cm to the side and 5 cm below the seed (5x5). In-furrow starter fertilizer placement 
requires less specialized equipment, allows faster planting, and is less impacted by 
springtime soil moisture than 5x5 placement (Kaiser et al., 2016; Rutan and Steinke, 
2018). Relative to no starter, IF fertilizer use increased early-season corn height 
(Mascagni and Boquet, 1996; Vetsch and Randall, 2002), plant vigor (Rutan and Steinke, 
2018), kernel mass, kernel number (Kaiser et al., 2016), biomass accumulation 
(Bermudez and Mallarino, 2002, 2004), and grain yield (Mascagni and Boquet, 1996; 
Bermudez and Mallarino, 2002; Vetsch and Randall, 2002). However, careful 
consideration of N and K application rates and sources is required with IF to avoid 
seedling ammonia toxicity and/or salt injury, stand reductions, and yield loss (Raun et al., 
1986; Niehues et al., 2004; Rehm and Lamb, 2009; Kaiser et al., 2016; Rutan and 
Steinke, 2018). In comparison to IF starter use, 5x5 placed starter allows for greater 
fertilizer source and rate flexibility, is a more suitable placement method when N rates 
>20 kg N ha-1 are desired and allows for a greater supply of early-season N availability 
until in-season sidedress N applications (Niehues et al., 2004; Rutan and Steinke, 2018). 
In Missouri and Wisconsin, 5x5 placed starter fertilizer increased corn grain yield by 9.6 
and 5%, respectively compared to no starter (Scharf, 1999; Wolkowski, 2000).  
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 Previous literature has attributed variation in corn yield responses to starter 
fertilization to management and environmental factors including: corn hybrid planted 
(Teare and Wright, 1990; Gordon et al., 1997; Gordon and Pierzynski, 2006), tillage 
system (Mengel et al., 1988; Kaiser et al., 2005), starter nutrient composition (Scharf, 
1999; Bermudez and Mallarino, 2003; Roth et al., 2006), starter placement (Rehm and 
Lamb, 2009; Rutan and Steinke, 2018), nutrient rates used (Niehues et al., 2004; Rehm 
and Lamb, 2009), plant density (Li et al., 2018), soil moisture (Wortmann et al., 2006; 
Kaiser et al., 2016; Rutan and Steinke, 2018), soil temperature (Kaiser et al., 2016), soil 
texture (Rehm and Lamb, 2009; Kaiser and Rubin, 2013), and soil test P and K levels 
(Roth et al., 2006; Wortmann et al., 2006). However, the effects of these factors on corn 
yield response to starter fertilization have been highly variable. For example, Mengel et 
al. (1988), Wolkowski (2000), and Vyn and Janovicek (2001) observed greater corn yield 
response to starter fertilization under no-till than conventional till, whereas Vetsch and 
Randall (2002) and Bermudez and Mallarino (2004) observed similar corn responses to 
starter fertilization across multiple tillage systems. In addition, Ritche et al. (1996) 
showed that 5x5 starter fertilizer placement more consistently increased no-till corn grain 
yield than IF, whereas Riedell et al. (2000) and Wortmann et al. (2006) found no 
difference in the effects of 5x5 and IF placement on corn yield.  
Because starter fertilizers typically contain two or more nutrients, nutrient-
specific reasons for corn grain yield increases are often difficult to interpret (Kaiser et al., 
2005; Mallarino et al., 2011). Yield increases in response to starter fertilization may 
reflect the additive effects of satisfying individual nutrient limitations or the synergistic 
effects of nutrients contained in the fertilizer enhancing plant growth. Examples of 
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synergistic effects include: i) starter N and P causing root proliferation, which leads to 
more effective use of K by the crop (Mallarino et al., 2011) and ii) N applied in the 
ammonium form causing acidification, which increases P uptake by young plants (Riley 
and Barber, 1971). Larger yield responses tend to be observed on soils testing low in P 
and K, yet positive responses have been observed when soil test values are above the 
critical soil test level, which is the soil test value above which the nutrient does not limit 
yield (Bermudez and Mallarino, 2002; Kaiser et al., 2005; Wortmann et al., 2006; 
Mallarino et al., 2011). A positive response to starter fertilization when soil test P (STP) 
and soil test K (STK) are above critical levels may reflect localized deficiencies of P or K 
in fields where soil test levels are sufficient on average, or an inadequate supply of N in 
the root zone (Touchton and Karim, 1986; Rehm et al., 1988; Scharf, 1999).  
 Due to the current popularity of sub-surface starter fertilizer use in the U.S., it is 
important to understand and generalize the corn yield response under a wide spectrum of 
conditions and determine the primary factors driving variation in yield responses. To our 
knowledge, there have been no recent attempts to review and quantify corn yield 
response to sub-surface starter fertilizer applications using a meta-analysis approach in 
the U.S. A meta-analysis can help identify specific data patterns only when data across a 
broad set of agronomic conditions and corn production systems are combined and 
analyzed within an environmental and agronomic context (Philibert et al., 2012; 
Fernandez et al., 2019). The objectives of this meta-analysis were to integrate and 
synthesize previously published literature regarding corn response to sub-surface starter 
fertilizer to: (i) develop an estimate of corn yield response to starter fertilizer across 
multiple management and environmental conditions, (ii) determine which starter fertilizer 
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placement (IF or 5x5) provides greater grain yield responses across a variety of 
management and environmental factors, and (iii) determine the effect of potential 
moderator variables on the magnitude of starter fertilizer response.  
2.3 MATERIALS AND METHODS 
2.3.1 Article Selection 
Corn yield response to starter fertilizer application was estimated by a systematic 
review of peer-reviewed literature. A literature search was performed using the literature 
databases Google Scholar (Google Inc., Mountain View, CA) and Web of Science 
(Thomson Reuters, New York, NY) with Boolean expressions: “corn yield and starter 
fertilizer or in-furrow fertilizer”. Additional studies were found within reference section 
of publications produced from this search. The literature search was limited to peer-
reviewed journal articles that included in-field replication, randomization, and were 
published in the U.S. from 1990 through 2019. The following criteria were required for 
studies to be included in this meta-analysis: 
• Grain yield data for corn that received a sub-surface starter fertilizer application 
and corn that did not receive a sub-surface starter fertilizer application, with other 
management practices (e.g., primary N fertilization timing, broadcast P and K) 
held constant between the starter and no starter treatments. 
• Starter fertilizer sub-surface banded as a 5x5 or IF at planting.  
• Grain yield data reported across more than one year or location. 
• Treatment means and sample sizes reported for each comparison.  
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Our database was populated with a total of 474 individual observations across 23 
published research trials that met our proposed inclusion criteria (Supplementary Table 
S1). Treatment means, sample size, and measures of variability [standard deviation, 
coefficient of variation (CV), or least significant difference (LSD)] were recorded for 
each observation. The response variable used in the meta-analysis was corn grain yield 
(Mg ha-1). An observation was considered an individual starter/no-starter comparison. 
Depending on trial layouts in the database, a starter fertilizer treatment in combination 
with another factor provided multiple observations for a single study (Marcillo et al., 
2017). For example, a study including starter fertilizer and corn hybrid combined in a 
factorial arrangement resulted in a separate observation for each hybrid calculated at each 
starter treatment.  
Additional factors were taken from the studies chosen and included in the database 
due to their potential to moderate starter fertilizer impacts on corn grain yield. Potential 
moderator variables included: starter placement, primary N fertilization timing, previous 
crop, tillage system, starter nutrient composition, soil texture, SOM level, planting month 
temperature, planting month precipitation, soil test P and K, plant population, and yield 
level (Table 2.1). We acknowledge the use of starter fertilizer applications that are not 
5x5 or IF (e.g. 5x0) and starter fertilizers that contain applications of single nutrients, yet 
due to the limited published observations and comparisons regarding these factors, we 
elected to exclude them from our analysis. Soil texture was categorized into fine (clay 
loam, silty clay loam), medium (silt loam, loam), and coarse (sandy loam) based on 
specific soil series presented. To evaluate starter fertilizer effects in relatively high and 
low temperature and rainfall conditions, we first calculated a mean planting month 
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temperature (15°C) and precipitation (129 mm) across all observations in the dataset. 
Then, we classified each observation as cool or warm and as wet or dry based on whether 
the temperature and rainfall values for that observation were above or below the mean 
values for the entire dataset. 
2.3.2 Meta-analysis 
 The dependent variable that indicates corn yield response to starter fertilization 






where ?̅?𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and ?̅?𝑥𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐 are the reported means for the starter and no starter 
treatments, respectively, for each observation. After calculating the RR, the natural log of 
each RR (LRR) was calculated to normalize the data set. 
 The sampling variance associated with each LRR was estimated using the 








where yield means (?̅?𝑥), standard deviations (SD), and sample sizes (n) for both the 
starter fertilizer and control treatments for a given case were used. Variability 
measurements other than standard deviations (e.g. CV, LSD) reported in studies were 
used to calculate their respective standard deviations. For example, if a CV was reported 
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for corn grain yield, this was multiplied by the mean corn grain yield of the same 
treatment to obtain the standard deviation. Additionally, studies reporting LSD values of 
the response variable were converted to standard errors using the following equation 





where t corresponds to the t test value, n is the number of samples, and b is the number of 
blocks or treatment replications. To obtain the standard deviation, standard errors were 
multiplied by the square root of the sample size. Most studies in our meta-analysis 
(>70%) reported measures of variability; however, certain studies did not contain any 
measures of variability. Therefore, the average CV was computed for the corn grain yield 
of other studies in the database and the missing standard deviations were estimated by 
multiplying the average CV by the respective means (Bai et al., 2013; Thapa et al., 2018).  
 We evaluated heterogeneity in the effect of starter fertilization on corn grain yield 
among observations in two ways. First, we calculated a Q statistic to test whether 
significant heterogeneity was present (Hedges et al. 1999). The Q-statistic follows a chi-
square distribution with (n-1) degrees of freedom, therefore if the Q-statistic estimate 
produces a p-value less than 0.05, it can be concluded that starter fertilizer responses 
differ among observations (Hedges et al., 1999). In addition, the I-square (I2) index was 
used to quantify the heterogeneity in our data set (Higgins and Thompson, 2002). The I-





𝑄𝑄 − (𝑛𝑛 − 1)
𝑄𝑄
× 100 
where Q is the total variance, and (n-1) is the degrees of freedom. I-square values 
exceeding 50% suggest significant heterogeneity, which justifies the inclusion of 
moderator variables (e.g. starter placement, tillage, preceding crop, etc.) to help explain 
variance among studies (Higgins and Thompson, 2002).  
 Estimation of sampling variance, heterogeneity analysis, calculation of mean 
LRRs and their corresponding 95% confidence intervals, and meta-regression of 
continuous variables were conducted using functions in the metafor R-package, version 
1.9-4 (Vietchbauer, 2017). We fit a mixed effects model using the rma.mv function, 
which weights LRRs based on their sampling variances. Individual study identification 
was categorized and included in the model as a random factor. The overall effect of 
starter fertilization on corn yield relative to no starter was tested using this model at 
α=0.05. We also fit mixed-effects models that each included a moderator variable (e.g., 
previous crop, tillage, etc.) as a fixed effect. Mean LRRs at each level of a given 
moderator variable were considered significantly different from zero (i.e., starter 
fertilization significantly impacted yield relative to no starter) if their 95% confidence 
intervals (CI) did not include 0 and significantly different from each other if their 95% 
CIs did not overlap (Wortman et al., 2017; Schmidt and Gaudin, 2018; Thapa et al., 
2018). We also performed subgroup analysis to understand the conditions in which 
specific moderator effects were most pronounced. Subgroup analysis involved fitting 
mixed-effects models for each level of each moderator of interest. For example, to 
determine the impact of starter placement within different primary N application timings, 
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data were subset into categories of primary N application timings (i.e., planting and 
sidedress) and mixed-effect models that included the moderator variable starter 
placement as a fixed effect were fit within each data subset.  
To explore the quantitative relationship between corn yield response to starter 
fertilizer at different continuous variables (STP, STK, plant population, yield level) a 
weighted quadratic meta-regression model was used to regress the dependent variable 
LRR against the continuous variables chosen. Mean corn grain yield (Mg ha-1) values 
across starter treatments for each study site-year were used in the yield level regression 
analysis. . To account for different state-specific university soil nutrient management 
recommendations and soil test extraction methods, we compiled state critical STP and 
STK values (STP and STK values at which no additional P or K fertilizer is required to 
maximize corn grain yield) and calculated the percent difference between an individual 
observation’s STP or STK value and the state-specific nutrient management guideline 
critical values. Many state-specific recommendations require additional information to 
determine the critical STP and STK level (e.g. crop expected yield, soil type, soil cation 
exchange capacity, etc.), therefore we used all possible data from published studies to 
determine critical values or used an average value within the suggested range of critical 
STP or STK values presented by state-specific nutrient management guidelines. Only 
observations with a starter containing K (N-P-K) were used in the STK regression 
analysis.  
Sensitivity analysis was performed by calculating the weighted mean LRR with 
each study removed one-at-a-time from the data set (Supplemental Fig. 2.6). Removing 
any individual study did not change the statistical significance of the mean effect 
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estimate, as illustrated by no error bars overlapping with zero when a study was removed. 
In addition, removing individual studies that did not report measures of variability and 
contained an estimated average CV did not change mean effect estimates, thus justifying 
their inclusion and confirming the robust nature of our data (Thapa et al., 2018). To 
investigate publication bias we used a funnel plot of effect size against the inverse of the 
standard error (Supplemental Fig. 2.7). A symmetrical funnel shape in the scattering of 
individual observations was observed, suggesting that studies did not omit non-
significant results, which would result in publication bias (Anzures-Cabrera and Higgins, 
2010). 
2.4 RESULTS 
2.4.1 Database Description 
The database included studies with both IF (n=156) and 5x5 (n=318) starter 
fertilizer applications with respective mean N, P, and K starter applied rates of 8.2, 9.3, 
and 4.3 kg ha-1 for IF and 23, 24, and 17 kg ha-1 for 5x5 (Figure 2.1). Mean N, P, and K 
starter rates for observations following a non-legume were 38.1, 21.8, and 12.6 kg ha-1, 
respectively and following a legume were 12.7, 17.7, and 10.5 kg ha-1, respectively. 
Additionally, mean N, P, and K starter rates for no-till observations were 28.8, 24.1, and 
8.9 kg ha-1, respectively and for conventional tillage observations were 14.1, 11.4, and 
14.5 kg ha-1, respectively (data not shown). Across 317 starter comparisons with 
associated data on primary N fertilization timing, a total of 244 observations had primary 
N applied (130 – 224 kg N ha-1) at-planting or before, compared to only 73 observations 
that had primary N applied (85 – 180 kg N ha-1) as in-season sidedress (i.e., corn growth 
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stage V4-V8) (Figure 2.2). Total N rates for studies following a non-legume averaged 
183 kg N ha-1 compared with 163 kg N ha-1 for studies following a legume, yet similar 
total N rates were applied across tillage systems (166 and 167 kg N ha-1 for no-till and 
conventionally tilled systems, respectively) (data not shown).  
Database grain yields ranged widely (2.2-15.3 Mg ha-1), which can be attributed 
to the diversity of cropping systems (soil properties, precipitation, topography, hybrids 
used, etc.) included in the analysis. Results encompassed a total of nine states across the 
U.S. with the majority of observations present in the Midwestern Corn Belt (i.e. IA, MN, 
WI) (Supplemental Table 2.2). Dominant soil types include silt loam and silty clay loam 
with SOM levels that ranged from 3 to 80 g kg-1. Dominant cropping systems were both 
no-till and conventionally tilled corn following soybean. Planting month temperature and 
precipitation ranged from 5.8 – 21.1°C and 33 – 404 mm, respectively, with the majority 
of corn studies planted from late April to early May.  
2.4.2 General Effects of Starter Fertilization on Corn Grain Yield 
Averaged across all individual observations, starter fertilization significantly 
increased corn grain yield by 5.2% (Figure 2.3), with percentage change due to starter 
fertilization ranging from -17 to 37%. Of the 474 individual comparisons examined, 352 
(74%) had a positive effect of starter fertilizer application on corn yield compared to a no 
starter fertilizer control. Mean grain yields for the starter fertilizer treatment and no 
starter fertilizer control were 9.6 and 9.2 Mg ha-1, respectively. Analysis of heterogeneity 
conducted for the entire dataset (Q = 8607, I2 = 95%, df = 473, P <0.0001) indicated 
significant heterogeneity among the pooled observations, justifying the incorporation of 
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moderator variables to further examine the impact of various agronomic and 
environmental factors on the magnitude of corn yield increases to starter fertilization.   
2.4.3 Impacts of Management and Environmental Factors on Corn Response to 
Starter Fertilization 
Despite higher applied nutrient rates for the 5x5 starter placement (Figure 2.1), IF 
and 5x5 produced similar corn yield responses considering the entire data set (Figure 
2.3). However, when primary N fertilizer application was delayed until sidedress, the 5x5 
starter significantly increased corn yield by 8.9% relative to no starter, while IF starter 
had no significant effect on corn yield (Figure 2.3). Corn yield increase to starter 
fertilization did not differ between corn following a legume crop (soybean) and corn 
following a non-legume crop (corn, cotton, sorghum, or wheat) or between conventional 
and no-till management systems (Figure 2.3). Corn yield increase in response to starter 
fertilizer application did not significantly differ between starters containing N-P and 
those containing N-P-K (Figure 3). Corn yield increase to starter fertilization also did not 
statistically differ across soil textures, SOM levels, planting month temperatures, and 
planting month precipitation amounts (Figure 2.3).  
2.4.4 Impacts of Soil Test Levels on Corn Response to Starter Fertilization 
The natural log of the response ratio significantly decreased and approached an 
LRR of 0 as the percent change from the critical STP and STK value increased (Figure 
2.4). However, yield increases due to starter (LRR > 0) were observed at soil test levels 
up to approximately 500% and 300% of the P and K critical levels, respectively. When 
percentage change from critical STP was negative, only 5% of observations produced a 
negative yield response, whereas when percentage change from critical STP was positive, 
35 
 
15% of observations produced a negative yield response. When percentage change from 
critical STK was negative, only 2% of observations produced a negative yield response, 
whereas when percentage change from the critical STK was positive, 10% of 
observations produced a negative yield response. 
2.4.5 Impacts of Plant Population and Yield Level on Corn Response to Starter 
Fertilization 
 The natural log of the response ratio decreased as corn plant population increased 
(Figure 2.5a) and increased as corn yield level increased (Figure 2.5b). The relationship 
between the natural log of the response ratio and plant population showed that starter 
fertilization had a negative effect on average when corn population exceeded ~86,000 
plants ha-1. 
2.5 DISCUSSION 
 This meta-analysis represents the first quantitative synthesis of sub-surface starter 
fertilization effects on corn in the U.S. including both agronomic and environmental 
factors and provides strong evidence for the positive impact of a sub-surface starter 
fertilizer application on corn grain yield. However, as illustrated by the high level of 
heterogeneity (I2 = 95%) produced in this analysis, corn yield responses to starter 
fertilizer applications are likely dictated by many complex interactions of site-specific 
factors that include soil properties, weather, genotype, and management, of which only a 
select few could be included in this analysis. Yet, the meta-analysis approach allows us to 
generalize these variable, site-specific responses of corn yield to sub-surface starter 
fertilizer applications across a wide-range of environmental conditions. Our results align 
with a previous meta-analysis on subsurface fertilizer placement by Nkebiwe et al. 
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(2016), which showed that placement of fertilizer close to the seed (surface-band, IF, sub-
surface deep banding, etc.) significantly increased corn yield by an average of 4.5%. 
However, the impacts of producer management techniques (e.g. crop rotation, primary N 
fertilizer timing, critical soil test levels) and specific environmental conditions (e.g. soil 
texture, SOM, air temperature, precipitation) on corn starter fertilizer response were not 
addressed in their analysis. 
Although the nutrient application rates were on average 3-fold greater with 5x5 
placement than IF placement, corn yield response to starter fertilization was similar for 
both placement methods in our study. Higher nutrient application rates with 5x5 starter 
applications are often associated with greater yield benefits relative to IF in field 
experiments (Lamond and Gordon, 2001; Bermudez and Mallarino, 2002). Because only 
four of the 23 studies that we analyzed included both IF and 5x5 treatments, we did not 
attempt to compare corn yields for different starter placement treatments within the same 
environment. A more direct comparison of starter application methods, for example by 
calculating a response ratio of corn yield with 5x5 relative to corn yield with IF, may 
reveal a stronger placement effect but would require additional studies. 
The majority of trials examined in our study had ample N at planting (Figure 2.2), 
which likely diminished the benefit of higher N rates associated with the 5x5 placement 
method (Mascagni and Boquet, 1996; Bermudez and Mallarino, 2002). To further 
examine the non-significant effect of placement on corn yield response to starter 
fertilization, we investigated the effect of starter placement when primary N was applied 
at planting or before vs. as a sidedress application. Although not significantly different 
from each other, which was perhaps due to a low number of primary N sidedress 
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observations, a 5x5 starter application significantly (P<0.05) increased corn yield when 
primary N was delayed until sidedress compared to a non-significant (P>0.05) yield 
increase for an IF starter. This result corroborates previous research showing that a 5x5 
starter can provide a better buffer against early-season N stress than IF due to the higher 
N rate applied, resulting in greater producer flexibility in N application timing (Bermudez 
and Mallarino, 2002; Rutan and Steinke, 2018). We conclude that both IF and 5x5 
starters increase corn yield; however, yield responses may be greater for a 5x5 starter 
when primary N application timing is delayed because more N can be applied as 5x5 than 
as IF starter. Our results highlight that further research is needed to understand corn yield 
response differences between IF and 5x5 starter applications across different N fertilizer 
application timings.  
Corn yield response to starter fertilization did not differ between corn following a 
legume crop (soybean) and corn following a non-legume crop (corn, cotton, sorghum, or 
wheat). We expected a smaller corn yield response to starter fertilization following a 
legume crop due to faster N release from legume residues resulting in higher early-season 
plant-available N than from non-legume residues (Stranger and Lauer, 2008; Gentry et 
al., 2013). However, the majority of studies used in our analysis applied primary N at 
planting or before (Figure 2), which may have diminished the effect of previous crop 
residue on plant-available N supply. In addition, at-plant or pre-plant total N and starter N 
rates for studies were 12% and 127% higher, respectively for corn succeeding a non-
legume crop compared to corn succeeding a legume crop (Supplemental Table 2.2). Corn 
producers are often advised to apply higher rates of N fertilizer for corn following a non-
legume (Stranger and Lauer, 2008), which may negate differences in early-season N 
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availability caused by the previous crop and overshadow differences in yield benefits 
from starter fertilizer application across rotations.  
 Corn yield response to starter fertilization did not differ between conventional and 
no-till management systems (Figure 2.3). These results contrast research by both Mengel 
et al. (1992) and Wolkowski (2000) who reported multiple significant corn yield 
increases to starter fertilization at locations under no-till management and minimal or no 
significant corn yield increases to starter fertilization at tilled locations. Starter fertilizer 
use has been promoted for no-till management systems to ameliorate the negative effects 
of surface residues on corn emergence, root growth, and nutrient supply (Johnson and 
Lowery, 1985; Mengel et al., 1992; Kolberg et al., 1999; Lamond et al., 2000; 
Wolkowski, 2000; Niehues et al., 2004). The presence of a residue and mulch cover in a 
no-till soil system can significantly lower at-plant soil temperature and decrease the rate 
of nutrient mineralization from SOM (Bonan and Van Cleve, 1992).  The non-significant 
effect of tillage on corn yield response to starter fertilization in our study suggests that 
tillage-related differences in soil conditions (e.g., soil moisture, temperature) may not be 
great enough to warrant adjustments to fertilizer management, at least under the 
management and environmental conditions captured in our analysis. However, we note 
that the non-significant effect of tillage on starter fertilizer response may be due to the 
majority of studies applying adequate N fertilizer at or prior to corn planting and the 
higher starter N and P rates associated with the no-till trials. 
 Corn yield increase due to starter fertilization was similar among a wide range of 
soil textures, SOM levels, planting month temperatures, and planting month rainfall 
amounts found in the U.S. (Figure 2.3). Our meta-analysis contradicts the commonly-
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held belief that starter fertilization is more beneficial in soils with low SOM and under 
cool and wet planting conditions, which are generally associated with restricted root 
growth and low nutrient availability (Wolkowski, 1990). We note that the starter 
fertilization LRR was numerically (though not statistically) greater under high 
precipitation conditions (Figure 2.3), and that a wider geographical spread of study 
locations and data on soil temperature and moisture conditions may reveal more striking 
effects of environmental moderators. 
 The number of observations for each starter fertilizer formulation reveals that, at 
least in research studies, the vast majority of starter fertilizers contain N with either P, or 
P and K included. The high frequency of starter fertilizers containing combinations of 
multiple nutrients is well-justified based on the consistent positive effects of these starter 
compositions on corn yield as illustrated in the results (Figure 2.3). In addition, liquid-
based applications of single nutrients (e.g. K) are often more expensive due to product 
availability and formulations required to limit seedling injury (Mallarino et al., 2011).  
Meta-regression results for both STP and STK levels demonstrated that as STP 
and STK levels increase beyond recommended soil test critical levels, the magnitude and 
frequency of corn yield response to starter fertilizer containing P or K decreases. 
However, our results also showed that a significant portion of positive yield responses 
were produced at above critical STP and STK values, suggesting starter fertilizer has the 
potential to improve corn yield even when soil test results don’t warrant a fertilizer 
application. Our results corroborate previous studies that show multiple-nutrient starter 
responses on both above- and below-critical STP and STK soils, but larger responses in 
below-critical STP and STK soils (Bermudez and Mallarino, 2002; Kaiser et al., 2005; 
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Wortmann et al., 2006; Mallarino et al., 2011). The greater starter fertilization response 
on below-critical STP and STK soils than above-critical STP and STK soils likely 
reflects the potential alleviation of all three nutrient deficiencies on below-critical soils 
and alleviation of only N deficiency or localized P and K deficiencies on above-critical 
soils (Bermudez and Mallarino, 2002; Kaiser et al., 2005; Wortmann et al., 2006).  
Meta-regression results for corn plant population indicate that the benefit of 
starter fertilization decreases with increasing plant population. Our results support recent 
research showing that localized nutrient applications near the root zone (e.g., starter 
fertilizer) at high corn plant densities may cause yield reduction relative to broadcast 
fertilizer applications due to excessive root proliferation and competition for soil 
nutrients (Li et al., 2018). Contrary to the results for corn plant population, the meta-
regression results for corn yield level indicate that the benefit of starter fertilization 
increases with increasing yield level. As corn yield potential increases, corn nutrient 
uptake requirements also increase (Setiyono et al., 2010). A greater response to starter 
fertilizer application in high- than low-yielding environments may reflect the greater crop 
nutrient demand and reduced risk of other resource limitations in high-yielding 
environments. Taken together, these findings generate uncertainty about the future value 
of starter fertilization if both plant populations and yields continue to increase in the U.S. 
2.6 CONCLUSIONS 
 To our knowledge, this is the first attempt to summarize and quantify corn yield 
response to starter fertilization in the U.S. and encompass different producer management 
techniques, environmental conditions, and yield levels using meta-analytical methods. 
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Our meta-analysis demonstrated that starter fertilization of corn increased grain yield by 
an average of 5.2% regardless of placement across a combination of various 
environments and management practices in the U.S. We found that as STP and STK 
levels decreased, corn yield response to starter applications significantly increased, 
suggesting a greater response to P and K starters at low STP and STK levels. Starter 
fertilizer applications may also provide corn yield benefits when soil test levels do not 
warrant a fertilizer application, which suggests potential improved root exploitation of 
soil nutrient pools and alleviation of early-season localized nutrient deficiencies with 
starter nutrient placement even when soil nutrient levels are on average adequate. 
Additionally, our results show that as corn plant population and yield level is increased, 
yield increases in response to starter fertilization are decreased and increased, 
respectively. Overall, we provide evidence for the use of sub-surface starter fertilizer 
applications to improve corn yield under various agronomic and environmental 
conditions.  
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Table 2.1.  Moderator variables examined in the meta-analysis of corn yield response to 
starter fertilizer application.  
Moderator variable Description of moderator variable 
levels 
Starter Placement (n=474) In-furrow (IF), 5 x 5 cm. sub-surface band 
(5x5) 
Primary N Fertilization Timing† (n=317) Planting (at planting or before), sidedress 
(V4-V8 growth stage) 
Previous Crop (n=282) ‡ Non-legume (corn, cotton, sorghum, 
wheat), legume (soybean) 
Tillage System (n=274) Conventional, no-till 
Starter Nutrient Composition (n=474) Nitrogen (N)-phosphorus (P), N-P-
potassium (K). 
Soil Texture (n=374) Fine (clay loam, silty clay loam), medium 
(silt loam, loam), coarse (sandy loam) 
Soil Organic Matter Level§ (n=214) Low (0-26 g kg-1), medium (27-53 g kg-1), 
high (54-80 g kg-1) 
Planting Month Temperature¶ (n=177) Cool (<15°C), warm (>15°C) 
Planting Month Precipitation¶ (n=143) Dry (<129 mm), wet (>129 mm) 
Soil Test Phosphorus (STP)# (n=286)  Percent change from state-specific critical 
STP value.  
Soil Test Potassium (STK)# (n=234)  Percent change from state-specific critical 
STK value. 
Plant Population (n=246) Individual study corn plant population 
rate (seeds ha-1) 
Grain Yield (n=474) Average corn grain yield (Mg ha-1) across 
starter treatments for each study site-year 
† Primary N fertilization timing refers to the time when the majority of N fertilizer was applied, 
supplementing the N fertilizer applied as starter. 
‡ Cotton (Gossypium hirsutum L.), sorghum (Sorghum bicolor L.), wheat (Triticum aestivum L.), soybean 
(Glycine Max L. Merr.) 
§ Soil organic matter values for the dataset ranged from 3 to 80 g kg-1, therefore values were classified into 
three equal-range groups of low (0-26 g kg-1), medium (27-53 g kg-1), and high (54-80 g kg-1).  
¶ Mean planting month temperature (15°C) and precipitation (129 mm) values were calculated from the 
dataset and temperature and precipitation values were grouped by cool and warm, or wet and dry, 
respectively, based on whether values were above or below the dataset mean planting month temperature 
and planting month precipitation. 
# Soil test phosphorus and potassium analyzed as continuous variables with each observation converted to 
the percent change from site-specific critical P and K levels derived from state-specific university nutrient 
management guidelines to account for different in-state recommendation calculations and extraction 




Figure 2.1. Description of starter fertilizer nutrient rates across the database. A) starter 
fertilizer N rate density distribution plot, B) starter fertilizer P rate density distribution 
plot, and C) starter fertilizer K rate density distribution plot. Dashed vertical lines and 





Figure 2.2. Database total count of observations with planting (at-plant or pre-plant) and 





Figure 2.3. Mean natural log of the response ratio (LRR) (ln[corn yield with starter 
fertilizer/corn yield without starter fertilizer]) across the overall dataset and as impacted 
by moderator variables. Error bars represent 95% confidence intervals and overlapping 
confidence intervals represent a non-significant (P>0.05) difference in the means. 
Significant p-values (≤ 0.05) on the right indicate a significant corn yield increase due to 
starter fertilization. Number of observations (n) indicate total number of comparisons 
contributing to the mean LRR. Moderator variables include: starter placement (IF = in-
furrow; 5 x 5 = sub-surface band placed 5 cm next to and 5 cm below the seed), starter 
placement by primary N application timing (Plant N = N applied at planting or before; 
Sidedress N = N applied at the V4 corn growth stage and later), previous crop (Legume = 
soybean; Non-legume = corn, cotton, sorghum, wheat), tillage, starter nutrient 
composition, soil texture (Fine = clay loam, silty clay loam; Medium = silt loam, loam; 
Coarse = sandy loam), soil organic matter level (Low = 0-26 g kg-1; Medium = 27-53 g 
kg-1; High = 54-80 g kg-1), planting month temperature (Cool = <15°C; Warm = >15°C), 






Figure 2.4. Relationship between the natural log of the response ratio (LRR; yield of corn containing a starter fertilizer/yield of corn 
not containing a starter fertilizer) and the percent change from state-specific a) critical soil test phosphorus (STP) level and b) critical 
soil test potassium (STK) level. Horizontal and vertical dashed lines indicate where the LRR and percent change from the critical soil 
test level equal zero, respectively. The size and color of individual data points are proportional to the calculated weight of the 




Figure 2.5. Relationship between the natural log of the response ratio (LRR; yield of corn containing a starter fertilizer/yield of corn 
not containing a starter fertilizer) and a) corn plant population (seeds ha-1) and b) corn yield level (Mg ha-1). Horizontal dashed lines 






Supplemental Figure 2.6. Mean natural log of the response ratio (LRR) (ln[corn yield 
with starter fertilizer/corn yield without starter fertilizer]) and 95% confidence interval of 
all studies included in the meta-analysis and subsequent mean LRR and 95% confidence 




Supplemental Figure 2.7. Inverse standard error of respective individual observations included in the meta-analysis plotted against 









Supplemental Figure 2.8.  Relationship between the natural log of the response ratio (LRR; yield of corn containing a starter 
fertilizer/yield of corn not containing a starter fertilizer) and the percent change from state-specific critical soil test phosphorus level. 
Horizontal and vertical dashed lines indicate where the LRR and percent change from the critical soil test level equal zero, 









Supplemental Table 2.2. Reference, number of starter fertilizer observations (n), location, and study-specific field characteristics for 
the 23 studies included in the meta-analysis.  
Study 
No. 




















11 IA IF, 5x5 N-P, N-
P-K 





7 IA IF, 5x5 N-P, N-
P-K 
14-48 21 NA 201 Till., No-
till 
Soybean 123-170 Plant, 
Sidedress 
3 Buah et al., 
1999 
9 IA 5x5 N-P-K 14-48 21 143-264 201 No-till Soybean NA Plant 
4 Bullock et 
al., 1993 
2 IL 5x5 N-P 68-69 20 344-348 180 Till. Soybean 171-187 Plant 





WI 5x5 N-P-K NA NA NA NA NA NA NA NA 
6 Cromley et 
al., 2003 
12 MO 5x5 N-P NA 22.5 NA 110 Till., No-
till 
Soybean 179 Plant 
7 Cromley et 
al., 2006 
40 MO 5x5 N-P NA 22.5 NA 110 No-till Soybean 185 Plant 
8 Gordon et 
al., 1997 
3 KS 5x5 N-P 43 20 380 130 No-till Sorghum NA Plant 
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9 Gordon and 
Pierzynski, 
2006 
15 KS 5x5 N-P, N-
P-K 
30 20 280 130 Till. Corn NA Plant 
10 Kaiser et 
al., 2005 
32 IA IF N-P-K 5-77 21 88-237 201 Till., No-
till 
Soybean 200 Plant 
11 Kaiser et 
al., 2016 
18 MN IF N-P 10-23 25 111-191 200 Till. Soybean 157 Plant 
12 Kim et al., 
2013 
8 MN 5x5  N-P, N-
P-K 





13 Mallarino et 
al., 2011 








3 LA IF N-P 140 35 NA 141 NA Cotton 202 Plant 
15 Niehues et 
al., 2004 
23 KS IF, 5x5 N-P-K 45 20 190 130 No-till Corn 168 Plant 
16 Osborne, 
2005 
12 SD 5x5 N-P-K 5 21 181 161 Till., No-
till 
Soybean 85 Sidedress 
17 Rehm and 
Lamb, 2009 
36 MN IF N-P, N-
P-K 
NA 25 NA 200 NA NA 157 Plant, 
Sidedress 
18 Riedell et 
al., 2000 
6 SD IF, 5x5 N-P 6 21 225 161 No-till Corn 171 Plant 
19 Roth et al., 
2006 
50 PA 5x5 N-P-K 51-886 30 NA 150 NA NA NA NA 
20 Scharf, 
1999 
12 MO 5x5 N-P-K 8.5-68 22.5 135-272 110 No-till Soybean 90-166 Sidedress 
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† Number of individual starter fertilizer vs. no starter fertilizer observations per study. 
‡ Starter fertilizer nutrient composition, N (nitrogen), P (phosphorus), K (potassium). 
§ Soil test phosphorus. 
¶ Soil test phosphorus critical value derived from state-specific soil nutrient management guidelines. 
# Soil test potassium. 
†† Soil test potassium critical value derived from state-specific soil nutrient management guidelines.  
‡‡ Total nitrogen fertilizer rate applied. 
§§ Primary nitrogen fertilizer application timing, Plant (at planting or before), Sidedress (V4-V8). 
¶¶ Not available. 
 
21 Vetsch and 
Randall, 
2000 
6 MN IF N-P 26-30 25 166 200 No-till Corn, 
Soybean 
135-180 Sidedress 
22 Vetsch and 
Randall, 
2002 






et al., 2006 
25 NE IF, 5x5 N-P, N-
P-K 
6-41 17 270-737 125 Till., No-
till 




CHAPTER 3. CORN RESPONSE TO IN-FURROW FERTILIZER AND FUNGICIDE ACROSS RYE 
COVER CROP TERMINATION TIMINGS 
Article under review at Agronomy Journal: Quinn, D.J., H.J. Poffenbarger, S.J. Leuthold, 
and C.D. Lee 2021. Corn response to in-furrow fertilizer and fungicide across rye cover 
crop termination timings. Agron. J. Submitted Jan. 2021.  
3.1 ABSTRACT 
Farmers looking to maximize soil conservation and ecosystem benefits of a rye cover 
crop (RCC) may choose to delay termination until closer to corn planting. However, 
delaying RCC termination may reduce corn yield due to increased N immobilization and 
seedling disease. The objective of this trial was to evaluate corn growth and yield in 
response to in-furrow (IF) fertilizer and fungicide across different RCC termination 
timings. A field study was established at three locations in Kentucky in 2019 and 2020 to 
evaluate corn response to two RCC termination timings (21d before corn planting and 1d 
after corn planting) and three IF starter treatments (fertilizer, fungicide, and fertilizer + 
fungicide). A late-terminated RCC resulted in statistically greater shoot biomass, early-
season (Apr – May) soil moisture, and preplant soil inorganic N compared to an early-
terminated RCC. However, a late-terminated RCC reduced corn plant stand by an 
average of 31% at two of three locations and reduced corn grain yield by an average of 
15.7% across all three locations. In addition, the inclusion of IF fertilizer, fungicide, or 
fertilizer + fungicide did not improve corn grain yield in any site-year and no interaction 
between RCC termination timing and IF starter application was observed. Overall, our 
results suggest IF fertilizer and/or fungicide application does not ameliorate corn stand 
loss and yield reductions following a late-terminated RCC. In addition, farmers should 
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look to terminate a RCC earlier (14 – 21d before planting) to reduce potential corn stand 
and yield loss.  
3.2 INTRODUCTION 
Cover crop use is a management practice used to address environmental and 
management challenges associated with modern corn (Zea mays L.) and soybean 
[Glycine max (L.) Merr.] production systems (Snapp and Surapur, 2018; Seifert et al., 
2019). From 2012 to 2017, total U.S. farm area that was planted to cover crops increased 
by 50%, and the total number of farms choosing to implement cover crops increased by 
15% (USDA-NASS, 2017). Interest in cover crops stems from corn and soybean farmers 
who are determined to reduce soil nitrogen (N) loss (Kaspar et al., 2012), alleviate soil 
compaction (Chen and Weil, 2011), reduce herbicide dependence (Duiker and Curran, 
2005), and improve overall soil health (Sainju et al., 1994). In addition, global climate 
change projections indicate greater frequency and variability of rainfall events in major 
crop producing areas, causing both a higher instance of saturated conditions which can 
delay planting, and drought conditions, which can increase crop failures (Winkler et al., 
2012; Groisman et al., 2012; Basche et al., 2016). Cover crops can mitigate the risks from 
weather variability by improving soil water infiltration, soil water holding capacity, and 
reducing nutrient runoff and soil erosion (Stewart and Peterson, 2015; Basche et al., 
2016). 
Cereal rye (Secale cereale L.) has gained popularity as a cover crop due to 
exceptional germination and establishment potential, winter hardiness, and significant 
biomass production across a wide range of field characteristics (Rorick and Kladivko, 
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2017). Rorick and Kladivko (2017) observed a 55% increase in soil aggregate stability in 
the top 10 cm of soil after four years of a rye cover crop (RCC), thus reducing soil 
erosion, crusting, and improving soil water retention. In addition to soil quality benefits, a 
RCC can reduce soil NO3-N levels through plant uptake, reducing leaching and 
subsequent contamination of surface and groundwater resources during an otherwise 
fallow period (McSwiney et al., 2010; Bakker et al., 2016). Farmers in the U.S., 
especially those whom have adopted no-till practices for soil conservation, also rely on 
RCC use to reduce herbicide dependence and provide early-season weed control (Duiker 
and Curran, 2005; Mirsky et al., 2011; Sherman et al., 2020). Due to the high levels of 
spring biomass production, a RCC can reduce light levels and soil temperature at the soil 
surface and raise competition with early-season weed growth (Duiker and Curran, 2005; 
Mirsky et al., 2011; Sherman et al., 2020). For example, Haramoto (2019) observed 45% 
greater biomass production from a RCC and 90 and 73% reduction in weed biomass 
compared to drilled and broadcast wheat (Triticum aestivum L.) cover crop plots, 
respectively.  
 Despite the benefits observed, farmers are hesitant to adopt RCCs due to 
occasional corn yield decreases observed, which can range from 1.5 to 7% (Eckert, 1988; 
Kaspar and Bakker, 2015; Bakker et al., 2016; Martinez-Feria et al., 2016; Pantoja et al., 
2016). Decreased N supply and increased disease pressure have been identified as key 
constraints to cover crop adoption by U.S. farmers (Roesch-McNally et al., 2018; SARE 
Cover Crop Survey 2019-2020) A RCC is often spring terminated at a growth stage that 
produces high C/N ratios of aboveground and belowground biomass (>20:1, >60:1, 
respectively), which can cause N immobilization (Krueger et al., 2011; Ladoni et al., 
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2015; Acharya et al., 2017). Even early terminated rye (late March) has been shown to 
produce C/N ratios that can result in N immobilization (Clark et al., 1997). In addition, 
delaying RCC termination increases soil nutrient depletion, which negatively impacts 
corn development and yield (Krueger et al., 2011). Apart from the N deficiency effects, 
recent evidence shows that a RCC can act as a host for living pathogens throughout 
normally fallow periods, thus allowing pathogens to maintain or increase their population 
size (Acharya et al., 2017). For example, Bakker et al. (2016) isolated corn seedling 
populations Fusarium graminearum, F. oxysporum, Pythium sylvaticum, and P. 
torulosum from roots of rye, each of which were observed to cause root disease on corn 
seedlings. Compared to winter fallow, corn seedling radicles can have significantly 
higher pathogen densities when following a RCC (Bakker et al., 2016). Archarya et al. 
(2017) observed reduced corn emergence, shoot growth, grain yield, and increased 
seedling disease incidence (Pythium and Fusarium spp.) when planted fewer than 10-d 
following RCC termination. Since previous research has quantified the ability of RCC 
roots to host corn seedling pathogens (Bakker et al., 2016), shortening the period between 
RCC termination and corn planting likely allows for higher RCC root production and 
more abundant and persistent pathogen populations in the soil (Acharya et al., 2017). In 
addition to N deficiency and disease-related yield losses, cover crops can also reduce 
corn yield by causing reduced plant stands, suboptimal spring moisture conditions, soil N 
immobilization, soil water depletion, residue equipment interference, and decreased seed 




Total RCC NO3-N removal and biomass production are positively correlated with 
later spring RCC termination date (Lawson et al., 2015). Farmers looking to maximize 
soil NO3-N reduction, SOM contributions, and weed control may choose to delay RCC 
termination closer to corn planting or immediately after corn planting (i.e. planting green) 
to maximize RCC biomass production (Odhiambo and Bomke, 2001; Alonso-Ayuso et 
al., 2014; Lawson et al., 2015). A recent survey determined that 53% of U.S. farmers 
reported having used delayed RCC termination or ‘planting green’ management 
somewhere on their operation (SARE Cover Crop Survey 2019-20). However, delayed 
termination of a RCC may increase the potential yield loss reductions observed in the 
succeeding corn crop (Li et al., 2013; Lawson et al., 2015; Pantoja et al., 2016; Acharya 
et al., 2017). 
Many modern corn planters are equipped with liquid in-furrow (IF) application 
systems used to place fertilizer, fungicide, insecticide, or a combination near the seed 
(Pierson et al., 2018; Quinn et al., 2020). In-furrow starter fertilizer containing nutrients 
such as N and P are used to improve early-season corn nutrient uptake and growth 
(Bermudez and Mallarino, 2004; Wortmann et al., 2006; Kaiser et al., 2016; Quinn et al., 
2020). In a recent meta-analysis, Quinn et al. (2020) determined starter fertilizer 
application increases corn yield by an average of 5.2%, regardless of placement. 
Furthermore, Bermudez and Mallarino (2004) observed that IF fertilizer increased corn 
grain yield by 1.1%, early-season growth by 27%, and plant N or P uptake by 30%. The 
IF placement is more common due to similar early-season growth and yield responses 
observed (Wortmann et al., 2006), less planter equipment requirements, and less of an 
influence from early-season soil moisture conditions compared to the 5 cm to the side x 5 
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cm below the seed placement (Kaiser et al., 2016; Rutan and Steinke, 2018). Although 
starter fertilizer use has been studied extensively in the U.S. across management systems 
and environmental conditions (Quinn et al., 2020), minimal information exists 
understanding the potential for IF starter fertilizers to enhance early-season corn growth 
and nutrient uptake, alleviate early-season N deficiencies, and limit potential N 
immobilization in corn when following a RCC. In Iowa, Patel et al. (2019) examined the 
impact of 34 kg N ha-1 applied in a 5x5 starter on corn at planting and determined there 
was no significant impact of RCC presence on corn response to starter fertilizer. Research 
by Vann et al., (2017) examined the impacts of subsurface banded feather meal and 
poultry litter for organic corn following a rye and hairy vetch (Vicia villosa Roth) cover 
crop mixture. The authors determined sub-surface banded fertilizer significantly 
increased corn grain yield compared to no fertilizer following a cover crop, yet yielded 
less than a broadcast fertilizer application; however plant available N was significantly 
less for subsurface feather meal and poultry litter (80 and 12 kg N ha-1, respectively) than 
broadcast poultry litter (160 kg N ha-1) (Vann et al., 2017).   
In addition to IF fertilizer, fungicides have been labelled for IF applications and 
promoted to enhance seedling vigor and protect seedlings against soil-borne pathogens 
(e.g., Fusarium, Phytophthora, Pythium, and Rhizoctonia) typically found in cool, wet 
soil conditions (Pierson et al., 2018). Pierson et al. (2018) observed inconsistent soybean 
yield responses to in-furrow fungicide application across site-years, with yield responses 
ranging from -0.6 to 0.3 Mg ha-1. However, only three of 14 site-years exhibited cool and 
wet soils at planting and no site-years observed significant disease incidence (Pierson et 
al., 2018). Since previous research has indicated elevated seedling pathogen levels in 
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corn following a RCC (Bakker et al., 2016; Acharya et al., 2017), IF fungicide use may 
provide additional corn seedling protection from the elevated soil-borne pathogen 
incidence following a RCC beyond standard fungicide seed treatments. However, no 
published research has addressed this question to date.  
Rye cover crop use and spring RCC termination management are tools for farmers 
to improve overall soil quality, limit environmental impacts of fertilizer use, and manage 
spring weed populations. However, with significant yield reductions observed in corn 
following a RCC, many farmers are hesitant to use this practice. Many research trials 
have focused on the specific impacts a RCC has on environmental factors (e.g., soil 
quality and moisture, nutrient levels) and cash crop production (e.g., growth, nutrient 
uptake, yield). Yet, few research trials have addressed the role of different management 
strategies and their ability to limit corn growth and yield reductions when following a 
RCC. Additionally, the potential for IF fertilizer and fungicide to improve corn grain 
yields has been well documented, however the interaction between RCC termination 
timing and crop performance in conventional corn-RCC management systems is still 
unknown. Therefore, the objectives of this trial were to evaluate corn growth and grain 
yield following different RCC termination timings and IF fertilizer and fungicide 
treatments.  
3.3 MATERIALS AND METHODS 




Research trials were conducted at three locations in 2019 and 2020. Trials were 
performed at a private farm in Glendale, KY (37.58 N, 85.95 W) on a Crider silt loam 
soil (fine mixed, active, mesic, Typic Paleudalfs), at the University of Kentucky North 
Farm in Lexington, KY (38.12 N, 84.49 W) on a Bluegrass-Maury silt loam soil (fine, 
mixed, active, mesic, Typic Paleudalfs), and at the University of Kentucky Research and 
Education Center in Princeton, KY (37.10 N, 87.87 W) on a Crider silt loam soil. 
Glendale trials were no-till, non-irrigated and previously cropped to soybean, Lexington 
trials were no-till, irrigated and previously cropped to soybean, and Princeton trials were 
no-till, non-irrigated and previously cropped to corn. Background soil samples were 
taken at a 20 cm depth prior to fall RCC establishment, air-dried, and ground to pass 
through a 2-mm sieve. Soil characteristics from the three locations included 6.7 to 7.0 pH 
(1:1 soil/water), 111 to 165 mg kg-1 P (Mehlich III), and 176 to 193 mg kg-1 K (Mehlich 
III) at Lexington, 6.5 to 6.9 pH, 36 to 39 mg kg-1 P, and 181 to 222 mg kg-1 K at 
Glendale, and 6.9 to 7.3 pH, 20 to 33 mg kg-1 P, and 152 to 191 mg kg-1 K at Princeton. 
Broadcast P and K applications were not made prior to each trial establishment. 
3.3.2 Experimental Procedures 
 The research trials were arranged in a split-plot, randomized complete block 
design with four replications. The main plot included RCC termination date and the sub-
plot included IF starter. The rye cover crop cultivar ‘Aroostook’ was drill-seeded in the 
fall at a rate of 67 kg ha-1 and a row spacing of 19.1 cm. Rye fall seeding dates varied by 
site and annual crop harvest and ranged from 1 Oct to 30 Oct (Table 3.1). Rye cover crop 
termination date treatments were designated as 14-21 days before corn planting (DBP), 1 
day after corn planting (DAP), and no RCC. Rye was terminated with glyphosate [N-
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(phosphonomethyl) glycine]. The no cover crop treatments received a single fall 
glyphosate application. In-furrow starter treatments were applied directly to the seed 
furrow through the planter at planting and designated as fertilizer (5.6 kg N ha-1 
ammonium polyphosphate [10-34-0]), fungicide (0.9 L ha-1 pyraclostrobin {carbamic 
acid, [2-[[[1-(4-chlorophenyl)-1H-pyrazol-3-yl]oxy]methyl]phenyl]methoxy-, methyl 
ester}), a tank-mixed combination of fertilizer and fungicide, and no IF starter.  
 White corn hybrid ‘P1618WAM’ (116-d relative maturity, Pioneer Hi-Bred, 
Johnston, IA) was planted into individual four row plots measuring 3.1 m x 9.1 m with a 
row spacing of 76 cm. In 2019, Plots were planted with a four-row Wintersteiger 
Dynamic Disc plot planter (Wintersteiger AG, Reid, Austria) equipped with Yetter 
planter-unit mounted row cleaners (Yetter Manufacturing, Colchester, IL) and a multi-
product liquid in-furrow application system. At Princeton in 2020, plots were planted 
with a four-row Voltra Precision Research Planter (Kincaid Equipment Manufacturing, 
Inc.; Haven, KS) equipped with a multi-product liquid in-furrow application system. 
Corn was planted on 1 May 2019, and 16 May 2020 at Lexington, 29 Apr. 2019 and 22 
May 2020 at Glendale, and 17 Apr. 2019 and 21 Apr. 2020 at Princeton. Plots were 
maintained weed free for the entire growing season. Nitrogen fertilizer was applied as 
urea ammonium nitrate (UAN, 32-0-0) at Lexington and Glendale and urea (46-0-0) at 
Princeton and was surface-banded 38 cm to one side of each corn row at the V6 growth 
stage at a rate of 224 kg N ha-1 
3.3.3 Data Collection 
 Aboveground RCC biomass was sampled one day prior to each respective RCC 
termination date treatment. Biomass was sampled by designating four random 0.093 m2 
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locations encompassing two RCC rows per replication and cutting the RCC plants at the 
soil surface and combining the RCC biomass from the four sampled locations into one 
sample per each main plot. Samples were dried at 60°C, weighed to determine dry matter 
production and ground to pass through a 1-mm mesh screen. Rye samples were analyzed 
for total C and N by dry combustion (LECO Corp., St. Joseph, MI). Total aboveground 
RCC C and N was calculated from the C and N concentrations multiplied by 
aboveground biomass dry matter. Soil samples (30-cm depth) were taken one day prior to 
corn planting from each respective RCC termination treatment for analysis of soil 
inorganic N concentrations. Two soil cores per plot were taken from each RCC 
termination treatment and combined into one sample per main plot. Soil inorganic N was 
extracted from air-dried soil samples using 1 M KCl followed by analysis of NO3-N and 
NH4-N using a colorimetric microplate methodology (Crutchfield and Grove, 2014). Soil 
volumetric water content was measured at the Princeton location using Decagon 5TM 
sensors and Em50 data loggers (Decagon Devices Inc., Pullman, WA). Sensors were 
buried at a 10.2 cm depth and were installed at one point for each main plot. Due to the 
limited availability of soil moisture sensors, soil moisture was only recorded at the 
Princeton research location.  
 Corn plant stands were measured at the V3 growth stage by counting the total 
number of plants per 9.1 m row of each plot and expressed as plants ha-1. Plant heights 
were measured at the V5 and growth stage from five plants from each of the center two 
rows of each plot. Nitrogen status of the uppermost, fully developed leaf and the ear leaf 
at the V5 and R1 growth stages, respectively of ten plants per plot was assessed with a 
Minolta SPAD 502 chlorophyll meter (Konica Minolta, Tokyo, Japan). The center two 
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rows of each plot (1.5 m) were harvested with a Wintersteiger Delta research plot 
combine and grain yield and moisture were recorded with a HarvestMaster System 
(Juniper Systems, Logan, UT). Grain yield data was adjusted to a moisture of 155 g kg-1. 
3.3.4 Statistical Analysis 
Data were subject to analysis of variance (ANOVA) via a linear mixed effect 
model using the lme4 (Bates et al., 2015) and lmerTest (Kuznetsova et al., 2017) 
packages in R version 3.6.1 (R Core Team, 2019) where year, location, RCC termination, 
IF starter and their interactions were designated as fixed effects and replication and RCC 
termination nested within replication were designated as random. Equal variance 
assumptions were validated using the Levene’s test function within the car package (Fox 
and Weisberg, 2019) in R. Treatment means, and their interactions were estimated and 
separated using the emmeans (Lenth, 2020) package in R and considered significantly 
different at P ≤ 0.10. Daily soil moisture data was analyzed via a generalized additive 
model using the gam package (Hastie, 2020) in R. Growing season date and RCC 
termination were designated as fixed effects and replication was designated as random. A 
generalized additive model was used to model soil volumetric water content in response 
to different RCC termination treatments throughout the corn growing season and 
combined across 2019 and 2020. These models were used to determine specific ranges of 
dates where significant differences in soil moisture were observed during the growing 






3.4.1 Environmental Conditions 
 In 2019, total growing season precipitation (May - Oct for Glendale and 
Lexington, and Apr – Sep for Princeton) was -137, +23, and -18 mm compared to the 30-
yr means (1981-2010) for Glendale, Lexington, and Princeton, respectively (Figure 3.1). 
Additionally, average growing season temperature was above average for each location 
(+3, +3, +2°C for Glendale, Lexington, and Princeton, respectively). Early growing 
season precipitation (Apr – Jun) was above average in 2019 for each location (+110, 
+156, +5, for Glendale, Lexington, and Princeton, respectively), whereas late growing 
season precipitation (Aug – Sep) was below average for each location, and especially in 
Sep which measured only 3, 5, and 9 mm of total rainfall for Glendale, Lexington, and 
Princeton, respectively. In addition, 2019 Sep temperature averaged +4, +4, and +3°C for 
Glendale, Lexington, and Princeton, respectively. 
 In contrast to 2019, 2020 total growing season precipitation was above average 
for each location (+73, +23, and +106 for Glendale, Lexington, and Princeton, 
respectively) (Figure 3.1), whereas average growing season temperature was near the 30-
yr mean for each location (+0.2, +0.1, and -1.2°C for Glendale, Lexington, and Princeton, 
respectively). Early season precipitation (Apr – Jun) was below average at Glendale and 
Princeton (-11 and -41 mm, respectively) and above average at Lexington (+172 mm) and 
late season (Aug – Oct) precipitation was at or above average for each location in 2020 
(+0, +86, and +62 mm, for Glendale, Lexington, and Princeton, respectively). 2020 early 
season temperature averaged +0, +1, and -5°C and late season temperature averaged +0, 
+2, and -4°C from the 30-yr means for Glendale, Lexington, and Princeton, respectively.  
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3.4.2 Rye Cover Crop Aboveground Growth and Nutrient Content 
 The fall planting dates for rye ranged from 1 Oct to 30 Oct across research site-
years, with the greatest separation in planting dates between 2019 and 2020 at Princeton 
(Table 3.1). At Glendale, the average duration of RCC growth during 2019 and 2020 was 
197 and 229 days for an early and late-terminated RCC, respectively. At Lexington, the 
RCC average duration of growth was 193 and 213 days for an early and late-terminated 
RCC, respectively. At Princeton, the RCC average duration of growth was 168 and 189 
days for an early and late-terminated RCC, respectively. At Glendale, an early-terminated 
RCC produced an average total aboveground biomass of 1750 kg ha-1 and a C/N ratio of 
20 (Table 3.1). At Lexington, an early-terminated RCC produced an average total 
aboveground biomass of 2521 kg ha-1 and a C/N ratio of 27. At Princeton, an early-
terminated RCC produced an average total aboveground biomass of 1566 kg ha-1 and 
C/N ratio of 18.  
Compared to an early-terminated RCC, a late-terminated RCC produced 
statistically greater biomass, total C, total N across all research site-years and a greater 
C/N ratio at four of six site-years (Table 3.1). On average at Glendale, waiting to 
terminate a RCC until 1 DAP increased aboveground biomass by 82%, C content by 
83%, N content by 28% and the C/N ratio by 40%. At Lexington, a late-terminated RCC 
increased aboveground biomass by 117%, C content by 177%, N content by 88%, and 
C/N ratio by 19% compared to an early-terminated RCC. At Princeton, a late-terminated 
RCC increased aboveground biomass by 194%, C content by 202%, N content by 91% 
and C/N ratio by 67% compared to an early-terminated RCC.  
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3.4.3 Soil Moisture 
The presence of a RCC, regardless of termination timing, significantly increased 
soil moisture compared to no cover early in the corn growing season (14 Apr – 25 May) 
at Princeton (Figure 3.2). Compared to no cover crop, a late-terminated RCC had 
significantly greater soil moisture throughout 28% of the corn growing season, whereas 
an early-terminated RCC had significantly greater soil moisture throughout 14% of the 
growing season. However, for a period of three days (8-Jun – 10 Jun), soil moisture was 
statistically less following a late-terminated RCC compared to no cover crop. A late-
terminated RCC did not result in statistically lower soil moisture than an early-terminated 
RCC at any point throughout the corn growing season. In addition, a late-terminated RCC 
had statistically greater soil moisture than an early-terminated RCC for 33 days during 
the corn growing season. 
3.4.4 Soil Inorganic Nitrogen 
 Rye cover crop termination date significantly impacted (P ≤ 0.10) corn pre-plant 
soil NO3-N levels at two of the three research locations and total soil N (NH4-N + NO3-
N) at one of three locations (Table 3.2). At Glendale, a late-terminated RCC had 
significantly higher soil inorganic N levels than an early-terminated RCC (7.3 to 2.8 mg 
kg-1, respectively). At both the Glendale and Princeton locations, a late-terminated RCC 
did not result in significantly different soil NO3-N levels than no cover crop, whereas an 
early-terminated RCC had significantly less soil NO3-N levels than no cover crop. Across 
both Glendale and Princeton, a late-terminated RCC resulted in a 68% increase in soil 
NO3-N compared to an early-terminated RCC.  
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3.4.5 Early-season Corn Height and Chlorophyll Content 
 Both RCC termination timing and IF starter significantly impacted (P ≤ 0.10) 
corn early-season plant height at one of three locations (Table 3.3). At Princeton, a late-
terminated RCC significantly reduced corn V5 plant height compared to no cover crop 
and an early-terminated RCC by 5.8 and 3.8 cm, respectively (Table 3.4). In addition, an 
IF starter containing fertilizer and fertilizer + fungicide significantly increased corn V5 
plant height by 4.1 and 4.5 cm, respectively compared to no IF starter at Princeton. An IF 
starter containing only fungicide did not significantly increase corn V5 plant height at 
any of the research locations.  
 Averaged across years, RCC termination timing significantly impacted (P ≤ 0.10) 
corn V5 chlorophyll content (SPAD) at two of three locations, whereas IF starter had no 
significant impact on corn V5 SPAD at any location (Table 3.3). At Glendale, corn V5 
SPAD was reduced by 7.7 and 9.4% with an early and late-terminated RCC, respectively 
compared to no cover crop (Table 3.4). At Lexington, corn V5 SPAD was reduced by 
8.8% with a late-terminated RCC compared to no cover crop.  
3.4.6 Corn Plant Stand and Grain Yield 
 Rye cover crop termination timing significantly impacted (P ≤ 0.10) corn plant 
stand at two of three locations (Table 3.3), whereas the inclusion of an IF starter did not 
impact corn plant stand at any of the three locations. In addition, no interaction between 
RCC termination and IF starter on plant stand was observed at any of the three locations. 
A late-terminated RCC significantly reduced corn plant stand by 25.8 and 35.1% at 
Glendale and Lexington, respectively compared to no cover crop (Figure 3.3). An early-
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terminated RCC did not significantly impact corn plant stand relative to no cover crop at 
any of the research locations.  
Similar to plant stand results, RCC termination timing significantly reduced corn 
grain yield at all three locations (Table 3.3 and Figure 3.4), whereas the inclusion of an IF 
starter did not impact corn grain yield at any of the three locations. In addition, no 
interaction between RCC termination timing and IF starter was observed at any of the 
three locations. A late-terminated RCC significantly reduced corn grain yield by 14.5, 
24.2, and 8.5% at Glendale, Lexington, and Princeton, respectively (Figure 3.4). 
Additionally, an early-terminated RCC significantly decreased corn grain yield by 10.5% 
at Princeton but did not significantly impact corn grain yield at either Glendale or 
Lexington.  
3.5 DISCUSSION 
 The goal of this study was to determine if the negative effects of a RCC, 
particularly a late-terminated RCC, on corn N supply and seedling disease could be 
overcome using an IF fertilizer, fungicide, or combination of fertilizer and fungicide. 
Overall, we determined that a late-terminated RCC offered benefits in terms of 
conservation of early-season soil moisture and inorganic N compared to an early-
terminated RCC and no cover crop. However, the negative effects on plant stand caused 
by a late-terminated RCC resulted in reduced corn yield and could not be ameliorated 
with the use of IF starter treatments.  
 Rye cover crop aboveground biomass differences observed across locations and 
termination timings help confirm the importance of fall planting, overall establishment 
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period and termination timing, and spring weather conditions on the overall growth of a 
RCC prior to spring corn planting (Acharya et al., 2017; Reed et al., 2019). Greater shoot 
biomass produced by a RCC because of earlier fall planting and delayed termination can 
result in greater nutrient uptake and C produced, and a higher C/N ratio of RCC residue. 
Across locations, a delayed termination timing increased RCC total shoot biomass by 
130%, total shoot C by 155%, N uptake by 69%, and C/N ratio by 42% (Table 3.1). 
These results support previous research trials that observed significant increases in RCC 
shoot biomass, nutrient uptake, and decreased residue quality with a delayed RCC 
termination timing (Acharya et al., 2017; Reed et al., 2019; Otte et al., 2019). 
The presence of a RCC, regardless of termination timing, resulted in greater soil 
surface moisture in the corn rooting zone than no cover crop, specifically early in the 
corn growing season (Figure 3.2). Compared to no cover crop, greater soil moisture due 
to RCC residue was observed up to a month after corn planting. Furthermore, delayed 
termination of the RCC led to greater soil moisture and a longer duration of greater soil 
moisture throughout the corn growing season than an early-terminated RCC, when 
compared to no cover crop. These results contrast previous research trials that observed 
greater water use and significant soil moisture depletion from RCC growth prior to corn 
planting (Basche et al., 2016; Reed et al., 2019). However, these results also support 
other previous research trials (Teasdale and Mohler, 1993; Clark et al., 1997b; Daigh et 
al., 2014), which emphasizes the variability in early season soil moisture conditions 
following a RCC. The higher levels of soil moisture observed at Princeton from the 
presence of a RCC are likely attributed to decreased soil water evaporation caused by 
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lower wind speed, radiation, and soil warming underneath RCC residue (Wagger and 
Mengel, 1988; Clark et al., 1997b; Daigh et al., 2014; Reed et al., 2019).  
The greater aboveground biomass and higher C/N ratio of plant residue from a 
late-terminated RCC usually decomposes slower than an earlier terminated RCC, and this 
persistent residue likely exacerbates the overall increase in soil surface moisture observed 
early in the corn growing season (Wagger and Mengel, 1988; Reed et al., 2019). 
Princeton April rainfall measured 4% and 34% below average for 2019 and 2020, 
respectively (Figure 3.1), thus the results show the ability of a RCC to conserve and 
maintain surface soil moisture under below average moisture conditions. However, 
measurable rainfall was observed weekly, with rain events occurring 12 and 10 days 
throughout the month of April in 2019 and 2020, respectively (data not shown). This 
spring rainfall frequency suggests that soil moisture was adequately recharged, and 
drought conditions did not occur during this period. These results suggest under spring 
rainfed conditions in the Mid-south, a RCC can maintain and increase early season 
surface soil moisture conditions through the ‘mulch effect’ (Daigh et al., 2014; Otte et al., 
2019), and overall surface soil moisture is increased as RCC termination is delayed and 
biomass increases. However, these results also suggest that as RCC termination is 
delayed and biomass is increased, spring planting may be delayed due to poor moisture 
conditions, and corn emergence and growth may be inhibited due to lower soil 
temperatures which are interrelated with greater soil moisture (Bristow, 1988; Reed et al., 
2019). 
An early-terminated RCC resulted in statistically lower soil NO3-N than no cover 
crop and a late-terminated RCC at two of three locations and statistically lower total 
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inorganic soil N (NH4-N + NO3-N) than a late-terminated RCC at one of three locations 
(Table 2). Despite having greater plant total N uptake, a late-terminated RCC resulted in 
statistically greater or similar total inorganic soil N compared to no cover crop at all three 
locations. Although not statistically significant at every location, when combined across 
locations a late-terminated RCC, resulted in a 93% increase in total preplant soil 
inorganic N compared to an early-terminated RCC. These results contrast research by 
Krueger et al. (2011) and Otte et al. (2019) which suggest greater RCC biomass and N 
uptake through delayed termination causes greater soil N reductions compared to an 
earlier terminated RCC. However, Otte et al. (2019) sampled to the 1-m depth compared 
to the 30-cm depth that we used, and Krueger et al. (2011) mechanically harvested the 
delayed removal RCC compared to chemical termination. 
Reductions in the inorganic N pool after cover crops may be due to the pre-
emptive use of N by the cover crop and/or by N immobilization if the C/N ratio of tissues 
is above ~25 (Kuo and Jellum, 1990; McSwiney et al., 2010; Ladoni et al., 2015). In this 
study, C/N ratios of aboveground tissue were generally less than 25 for the early-
terminated treatment and above 25 for the late-terminated treatment. We did not measure 
the C/N ratio of RCC roots, however previous studies have observed RCC root C/N ratios 
of > 60 (Kuo et al., 1997; McSwiney et al., 2010), suggesting N immobilization may still 
occur even if a RCC shoot C/N ratio is below 25. Based on our research results we 
speculate that immobilization of available N at the time of corn planting was higher for 
an early-terminated RCC than a late-terminated RCC. At the time the soil was sampled 
for inorganic N, an early-terminated RCC was completely senesced and within the 
process of residue decomposition and C release into the soil, whereas a late-terminated 
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RCC was still actively growing. Previous research has shown the timing of both N 
immobilization and soil NO3-N reduction from a RCC may occur later than previously 
thought, upwards of a month or two post termination (Krueger et al., 2011; Nevins et al., 
2020). In Indiana, research by Nevins et al. (2020) determined that the greatest C release 
from RCC residue occurred 50-68 calendar days following termination, which suggests N 
immobilization from a RCC may occur outside the two-to-three-week window between 
RCC termination and corn planting that is often recommended. Our results suggest that in 
Kentucky, which has higher average temperatures than Indiana, C release and N 
immobilization from a RCC terminated approximately 21 DBP may occur at or near corn 
planting, thus resulting in lower available N compared to a late-terminated RCC. 
However, future research in the Mid-South on this topic may be required to confirm, 
including multiple sampling timings for inorganic N analysis throughout the corn 
growing season across different RCC termination timings.  
A late-terminated RCC significantly reduced corn yield at all three locations and 
an early-terminated RCC reduced corn yield at one of three locations (Figure 3.4). The 
yield reductions from a late-terminated RCC at Glendale and Lexington corresponded to 
significant reductions in both corn plant stand and V5 chlorophyll content (SPAD). 
Across both locations a late-terminated RCC reduced corn plant stand and V5 SPAD by 
31 and 9%, respectively compared to no cover crop (Figure 3.3 and Table 3.4). 
Comparably, Reed et al. (2019) observed a 20% reduction in corn stand following a RCC 
terminated after corn planting. Following termination, a late-terminated RCC lodged and 
caused significant shading of young corn plants following emergence. In addition, stand 
loss could be attributed to residue interference at planting and following corn germination 
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(Duiker and Curran, 2005), and cool soils as a result of greater soil moisture (Acharya et 
al., 2017; Reed et al., 2019). Previous research has also attributed corn stand loss 
following a delayed termination of a RCC to increased corn seedling disease (Bakker et 
al., 2016; Acharya et al., 2017). At both Lexington and Princeton, corn plants were dug at 
growth stage V2-3, and roots were evaluated for presence of seedling disease, however 
minimal disease incidence and severity was observed at all four site-years, therefore we 
do not believe corn seedling disease contributed to the significant stand loss observed.  
At Princeton, an early and late-terminated RCC resulted in a significant reduction 
in corn yield (Figure 3.4). However, in contrast to both Glendale and Lexington, 
significant reductions in plant stand were not observed (Figure 3.3). In 2019, Princeton 
produced the lowest overall RCC growth period and lowest biomass produced for both 
RCC termination treatments compared to Glendale and Lexington (Table 3.1). 
Additionally, in 2020, different personnel and research planting equipment were used to 
plant the research trial and research planter row cleaners were set to a deeper and more 
aggressive setting. This suggests the combination of low RCC growth and a more 
aggressive row cleaner setting in 2019 and 2020, respectively reduced RCC residue 
interference and potential corn stand loss. Therefore, future research examining the role 
of planter settings, equipment, and attachments (e.g., row cleaners, closing wheel type, 
etc.) may be important in understanding how to reduce overall corn stand loss observed 
following a RCC.  
Although results were non-significant, V5 SPAD at Princeton trended lower 
following both RCC treatments and V5 plant height trended lower for an early-terminated 
RCC and was statistically lower for a late-terminated RCC (Table 3.4). In addition, 
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despite a lack of V5 SPAD differences, visual observations showed both reduced plant 
growth and elevated N stress following both RCC termination treatments at Princeton. 
Due to the lack of stand loss, we believe yield losses following a RCC at Princeton 
occurred due to N immobilization and corn N stress. Crop rotation in Princeton was corn-
corn compared to corn-soybean at both Glendale and Lexington. Previous research has 
indicated higher levels of N immobilization in a corn-corn rotation compared to a corn-
soybean rotation due to C/N ratios upwards of 90/1 for decomposing corn residue (Green 
and Blackmer, 1995; Burgess et al., 2002). Therefore, higher corn N rates are often 
required to maximize corn yield in a corn-corn rotation than a corn-soybean rotation 
(Green and Blackmer, 1995). Total inorganic N levels across treatments prior to corn 
planting at Princeton were 25 and 21% less than Glendale and Lexington, respectively 
(Table 2). These results suggest the combination of RCC residue, low preplant inorganic 
N and presence of corn residue caused significant N immobilization and N stress and 
resulted in corn yield reductions following both an early and late-terminated RCC at 
Princeton. These results do not support the previous conclusion that greater N 
immobilization occurs for an early-terminated RCC than a late-terminated RCC at corn 
planting. However, inorganic soil N was only assessed immediately prior to corn planting 
and overall N immobilization was not quantified throughout the entire corn growing 
season. Therefore, further research may be needed to understand both N immobilization 
and N mineralization timings and dynamics for a RCC terminated at different times.  
Across all three locations, corn yield was not significantly improved from either 
the inclusion of IF fertilizer, IF fungicide, or the combination of both IF fertilizer and 
fungicide (Figure 3.4). In addition, no interaction between RCC termination timing and 
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IF fertilizer and fungicide were observed at any of the locations (Table 3.3). Despite 
observed N stress, decreased V5 SPAD and vegetative growth, and lower soil inorganic 
N following a RCC, IF fertilizer did not improve corn yield across RCC termination 
treatments. However, IF fertilizer did significantly increase corn plant height by 11% in 
Princeton, which suggests a greater IF fertilizer response in a corn-corn rotation, however 
this did not translate to corn yield. Additionally, an interaction with RCC presence was 
not observed. Multiple research trials have observed increases in early-season corn height 
and biomass from IF fertilizer and no translation to corn yield (Bermudez and Mallarino, 
2002, 2004; Vetsch and Randall, 2002; Rutan and Steinke, 2018). Rates of fertilizer 
applied within the seed furrow are limited to avoid potential seedling ammonia toxicity 
and/or salt injury (Niehues et al., 2004; Rehm and Lamb, 2010; Rutan and Steinke, 
2018). In this research trial the IF fertilizer treatment supplied 2.3 kg N ha-1. Therefore, 
the lack of corn yield response to the IF fertilizer was potentially due to the low amount 
of N applied due to IF application limitations. The N stress observed in young corn 
following both RCC termination treatments across locations suggests there is potential 
for a sub-surface banded starter fertilizer application to improve corn yield reductions 
following a RCC. However, fertilizer rates applied IF may be too small to overcome this 
observed N stress and improve corn yield. These results suggest farmers interested in 
reducing corn N stress and yield losses from a RCC using sub-surface banded starter 
fertilizer may benefit from using a starter application with a greater soil buffer and 
distance from the seed (e.g., 5 cm to side x 5 cm below the seed). Thus allowing greater 
starter fertilizer rates to be applied (Niehues et al., 2004; Rutan and Steinke, 2018). 
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Similar to IF fertilizer, IF fungicide did not significantly improve corn yield at 
any of the research locations (Figure 3.4). Previous research has indicated higher 
incidence of corn seedling disease following a RCC with incidence and severity 
increasing as RCC termination is delayed and biomass is increased (Bakker et al., 2016; 
Acharya et al., 2017). However, despite significant residue and elevated soil moisture 
from a RCC, seedling disease was not observed in this research trial. The lack of 
observed disease incidence likely contributed to the lack of corn yield response to IF 
fungicide (Pierson et al., 2018). As described earlier, corn seedling disease was assessed 
at both Lexington and Princeton at the V2-3 growth stage, however both disease 
incidence and severity was either nonexistent or low (Supplementary Figure 3.5). The 
corn hybrid seed used in this trial was treated with both ipconazole and ethaboxam 
fungicide, which are both effective in protecting corn from Rhizoctonia, Fusarium, and 
Pythium spp. (Pioneer Hi-Bred, Johnston, IA). Therefore, the fungicide seed treatment 
may have been sufficient to prevent corn seedling disease infection. These results suggest 
that despite the increased risk of corn seedling disease following a RCC, a fungicide seed 
treatment may be sufficient to protect corn seedlings from early season disease incidence 
and stand loss. Previous research has indicated that prophylactic applications of IF 
fungicides are not profitable in the absence of soilborne disease (Pierson et al., 2018). 
Therefore, farmers may be able to cut input costs and improve profitability by avoiding 
an IF fungicide in combination with a fungicide seed treatment when following a RCC. 
However, further research may also be required to understand corn response to IF 
fungicide application on non-treated corn seed following a RCC and corn response to IF 
78 
 
fungicide across more variable environmental conditions and disease incidence and 
severity levels.   
3.6 CONCLUSIONS 
This research trial demonstrates that delaying the termination of a RCC has the 
potential to significantly increase RCC shoot biomass production and soil residue 
coverage, soil inorganic N prior to corn planting, and early-season soil moisture. 
However, choosing to delay RCC termination can result in significant early season corn 
plant stress and stand loss, which can translate into significant reductions in corn grain 
yield. In addition, our results showed the inability of IF starter applications of either 
fertilizer and/or fungicide to ameliorate the negative effects caused by either an early or 
late-terminated RCC. These results suggest farmers choosing to incorporate a RCC 
should look to terminate approximately 14-21 days prior to corn planting to avoid 
significant corn stand and yield loss. However, further research examining residue 
management of a late-terminated RCC and the role of planter settings, equipment, and 
attachments (e.g., row cleaners, closing wheel type, etc.) may be important in 
understanding how to reduce corn stand loss and yield reductions observed and 
capitalizing on the soil conservation and ecosystem benefits a late-terminated RCC 
provides.  
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Figure 3.1. Mean monthly air temperature (lines and points) and precipitation (bars) and respective 30-year means (1981-2010) across 




Table 3.1. Individual site-year mean aboveground biomass, total carbon (C), total 
nitrogen (N), and carbon to nitrogen ratio of rye cover crop samples taken prior to 
respective termination timing. Glendale, Lexington, and Princeton, KY (2019-20).  
† RCC; rye cover crop, DBP; days before corn planting, DAP; days after corn planting.  
* Treatment means within each column and individual site-year followed by the same letter are not 





















    kg ha-1  kg ha-1 kg ha-1   
Glendale 2019 21 DBP 9 Oct. 1607 b* 672 b 43 b 16 a 
 2019 1 DAP 9 Oct. 2416 a 1008 a 48 a 21 a 
 2020 21 DBP 1 Oct. 1894 b 810 b 35 b 24 b 
 2020 1 DAP 1 Oct. 3961 a 1708 a 51 a 35 a 
        
Lexington 2019 21 DBP 10 Oct. 2213 b 918 b 45 b 21 b 
 2019 1 DAP 10 Oct. 6046 a 2555 a 101 a 26 a 
 2020 21 DBP 7 Oct. 2829 b 1207 b 39 b 32 a 
 2020 1 DAP 7 Oct. 5258 a 2226 a 57 a 38 a 
        
Princeton 2019 21 DBP 30 Oct. 303 b 125 b 9 b 14 b 
 2019 1 DAP 30 Oct. 1694 a 703 a 33 a 22 a 
 2020 21 DBP 1 Oct. 2829 b 1201 b 56 b 22 b 





Figure 3.2. Generalized additive models showing mean daily soil volumetric water 
content (m3/m3) (10 cm depth) and 90 confidence intervals throughout the entire corn 
growing season for a rye cover crop terminated one day after planting (1 DAP), 21 days 
before planting (21 DBP), and no cover crop. Data were averaged across two growing 
seasons, Princeton, KY (2019-20). The three horizontal bars indicate the exact time 
periods during the corn growing season where statistical differences (P ≤ 0.10) between 









Table 3.2. Individual location mean soil ammonium (NH4-N) and nitrate (NO3-N) levels 
(0-30 cm) sampled one day prior to corn planting combined across 2019 and 2020. 
Glendale, Lexington, and Princeton KY (2019-20). 
Location RCC Termination† Soil NH4-N Soil NO3-N NH4-N + NO3-N 
  -- mg kg-1 -- -- mg kg-1 -- -- mg kg-1 -- 
Glendale No RCC 2.3 a* 3.0 ab 5.3 ab 
 21 DBP 1.6 a 1.2 b 2.8 b 
 1 DAP 1.7 a 5.6 a 7.3 a 
     
Lexington No RCC 1.6 a 2.7 a 4.3 a 
 21 DBP 1.7 a 2.2 a 3.9 a 
 1 DAP 2.3 a 4.1 a 6.4 a 
     
Princeton No RCC 2.4 a 2.5 a 4.9 a 
 21 DBP 1.6 a 1.0 b 2.6 a 
 1 DAP 2.5 a 1.8 ab 4.3 a 
† RCC, rye cover crop; DBP, days before corn planting; DAP, days after corn planting.  
* Treatment means within each column and individual location followed by the same letter are not 












Table 3.3. Analysis of variance for corn response to rye cover crop (RCC) termination 
timing and in-furrow (IF) fertilizer and/or fungicide across years. Glendale, Lexington, 
and Princeton, KY (2019-20).  










  -------------------------- P > F --------------------------- 
Glendale RCC Termination 0.976 0.002 0.676 0.004* 0.014 
 IF Starter 0.185 0.102 0.571 0.842 0.797 
 RCC x IF 0.890 0.626 0.166 0.883 0.985 
Lexington RCC Termination 0.615 0.074 0.181 0.001 0.001 
 IF Starter 0.259 0.130 0.774 0.924 0.634 
 RCC x IF 0.999 0.957 0.306 0.950 0.995 
Princeton RCC Termination 0.028 0.457 0.603 0.271 0.019 
 IF Starter 0.001 0.942 0.217 0.556 0.931 
 RCC x IF 0.575 0.997 0.534 0.471 0.567 
† RCC; rye cover crop, IF; in-furrow.  












Table 3.4. Corn V5 growth stage plant height and uppermost collared leaf chlorophyll 
content (SPAD) in response to rye cover crop (RCC) termination timing and in-furrow 
(IF) starter. Glendale, Lexington, and Princeton KY (2019-20). Analysis of variance is 
presented in Table 3.  
 
Location Treatment† V5 Plant Height SPAD V5 
Glendale RCC Termination ----- cm ----- ----- SPAD ----- 
 No RCC 51.56 a* 44.29 a 
 21 DBP 51.54 a 40.90 b 
 1 DAP 51.13 a 40.14 b 
 IF Starter   
 None 50.67 a 41.75 a 
 Fertilizer 54.00 a 41.86 a 
 Fungicide 48.59 a 40.88 a 
 Fertilizer + Fungicide 52.38 a 42.61 a 
Lexington RCC Termination   
 No RCC 38.56 a 42.27 a 
 21 DBP 39.09 a 41.05 ab 
 1 DAP 41.55 a 38.52 b 
 IF Starter   
 None 38.20 a 40.01 a 
 Fertilizer 42.19 a 41.39 a 
 Fungicide 36.32 a 38.84 a 
 Fertilizer + Fungicide 42.21 a 42.23 a 
Princeton RCC Termination   
 No RCC 46.15 a 46.58 a 
 21 DBP 43.91 a 45.38 a 
 1 DAP 40.34 b 44.71 a 
 IF Starter   
 None 41.17 b 45.55 a 
 Fertilizer 45.31 a 46.00 a 
 Fungicide 41.73 b 44.99 a 
 Fertilizer + Fungicide 45.62 a 45.68 a 
† RCC, rye cover crop; IF, in-furrow; DBP, days before corn planting; DAP, days after corn planting.  
* Treatment within each column, treatment (RCC termination or IF starter) and individual location 








Figure 3.3. Corn final plant stand (plants ha-1) in response to rye cover crop termination timing (DBP; days after corn planting, DAP; 
days after corn planting) and in-furrow starter fertilizer treatments averaged across years for each location. Glendale, Lexington, and 
Princeton, KY (2019-20). Analysis of variance presented in Table 3. Different letters indicate a significant plant stand difference 




Figure 3.4. Corn grain yield response to rye cover crop termination timings (DBP; days after corn planting, DAP; days after corn 
planting) and in-furrow starter fertilizer treatments across years for each location. Glendale, Lexington, and Princeton, KY (2019-20). 
Analysis of variance is presented in Table 3. Different letters indicate a significant grain yield difference between rye cover crop 











Supplementary Figure 3.5. Images of corn roots dug and assessed for growth and visual disease differences at the V2 growth stage 
following a) no cover crop, b) a rye cover crop (RCC) terminated 21 days before corn planting, and c) a RCC terminated 1 day after 




CHAPTER 4. OPTIMUM NITROGEN FERTILIZER RATE AND TIMING MANAGEMENT OF 
CORN WHEN FOLLOWING A RYE COVER CROP 
4.1 ABSTRACT 
Farmers and researchers continue to question the impact of rye (Secale cereale L.) 
cover crop (RCC) nitrogen (N) dynamics on corn (Zea mays L.) optimal N fertilizer rate 
and grain yield. In addition, minimal research has addressed the role of N fertilizer timing 
on reducing corn N stress and yield loss following a RCC. In this research, our objectives 
were to evaluate corn response and N fertilizer requirement following a RCC and 
different N fertilizer timings. Trials were established at three Kentucky locations (2017-
20) to evaluate corn response to N fertilizer rate (0 – 303 kg N ha-1) following a RCC and 
no RCC and preplant and split-applied N fertilizer. Soil N, corn chlorophyll content and 
plant population indicated more N stress and reduced plant stand following a RCC. A 
RCC reduced corn grain yield by 20% at the 0 kg N ha-1 but did not reduce corn yield at 
the agronomic optimum N rate (AONR). The AONR was statistically similar regardless 
of RCC and N application timing. However, corn chlorophyll content, agronomic 
efficiency, and yield was increased following a split N application. In addition, quadratic 
plateau regression analysis indicated greater yield increase per unit N applied for a split 
application than a preplant application. Our results suggest that farmers in similar 
production environments would/could benefit from a split N application to improve corn 
N use efficiency and yield regardless of the presence of a RCC. However, split 
application may be appealing following a RCC, where lower plant-available N supply 





Soils in conventional farm systems are often purposely held in an N saturated 
state to maximize crop yields (McSwiney et al., 2010). However, this management 
approach can lead to significant soil N losses which can contaminate ground and surface 
water sources (McSwiney et al., 2010). High cash crop N demands combined with soil N 
mobility creates a niche for grass cover crops to alter soil N cycling and reduce NO3-N 
levels through uptake during the months between corn and soybean [Glycine max (L.) 
Merr] harvest and planting (Kaspar et al., 2012). Cereal rye (Secale cereale L.) cover 
crop (RCC) use in particular has gained popularity due to low seed cost, significant 
biomass production, germination and establishment potential, and winter hardiness across 
a wide range of soil and environmental conditions (Feyereisen et al., 2006; Rorick and 
Kladivko, 2017). Previous research demonstrates that a RCC can reduce soil nitrate 
leaching by ~10-15% in the Midwestern U.S. (Kaspar et al., 2012; Kladivko et al., 2014; 
Martinez-feria et al., 2016).  
With observed RCC removal of NO3-N, farmers and researchers question if N is 
mineralized back to the soil solution during early stages of corn growth, thus reducing 
corn optimal N fertilizer rate, or if N remains unavailable in the RCC biomass or SOM, 
thus increasing corn optimal N fertilizer rate (Pantoja et al., 2015). A RCC’s impact on 
soil inorganic N levels depends on its N uptake during growth and its rate of N release 
during decomposition. A RCC is often terminated at a growth stage which produces a 
high amount of biomass N accumulation (41 – 135 kg N ha-1) and high C/N ratio of 
surface residue and roots (>30:1 and >60:1, respectively) (Kaspar et al., 2012; Hill et al., 
2016). Carbon-to-nitrogen ratios greater than ~25 can cause slow N release or even cause 
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microbial N immobilization, resulting in corn N stress (Reeves et al., 1993; Kuo and 
Sainju, 1998; McSwiney et al., 2010). However, this effect may be smaller or larger 
depending on fertilizer N rate, soil N supply (Duiker and Curran, 2005), and soil moisture 
and temperature, which influence microbial activity (Maltas et al., 2009). With increasing 
concerns regarding NO3-N levels in water systems which impact water quality (Williams 
et al., 2007), understanding corn N fertilizer requirements following a RCC is required 
(Pantoja et al., 2015). 
Previous research on corn N fertilizer requirements following a RCC has led to 
inconsistent results. In Kentucky, Frye et al. (1985) observed greater corn yield response 
to N fertilizer rate following a RCC compared to corn following crimson clover 
(Trifolium incarnatum L.), big flower vetch (Vicia grandiflora W. Koch var. 
Kitailbeliana), or corn residue. In Maryland, Clark et al. (1997) observed a higher N 
fertilizer requirement for corn following a RCC, regardless of RCC termination date or 
corn planting date, due to residue immobilization of N. In contrast, on sandy soils in 
Wisconsin, Andraski and Bundy (2005) observed a decrease of 32 kg N ha-1 in the corn 
economically optimum nitrogen rate (EONR) in two of three years following a RCC. 
However, research in Illinois, Iowa, and Michigan determined corn optimal N rate 
required no adjustment when following a RCC (Miguez and Bollero, 2006; McSwiney et 
al., 2010; Pantoja et al., 2015; Snapp and Surapur, 2018). 
In addition to N fertilizer rate adjustments, reduced corn N uptake and higher N 
immobilization incidence at planting following a RCC suggests the use of delayed N 
applications to avoid N application during the period of immobilization to account for the 
reduced N availability and improve NUE (Crandall et al., 2005). However, others have 
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suggested that N fertilizer applications at planting could overcome N immobilization and 
allow early-season corn N needs to be met, thus reducing corn yield penalties from a 
RCC (Adeyemi et al., 2020). Pre-plant N applications allow greater exposure of N to 
potential loss conditions (immobilization, leaching, and denitrification) during a time of 
low plant N uptake (Scharf et al., 2002; Bender et al., 2013). Delayed or sidedress N 
applications may allow for the avoidance of early-season N loss and allow N to be 
supplied immediately prior to peak uptake (Bender et al., 2013), yet also allows the risk 
of irreversible yield loss caused by early-season N stress (Binder et al., 2000; Scharf et 
al., 2002). Recent research by Adeyemi et al. (2020) examined at-plant, split, and 
sidedress N applications in corn following a wheat (Triticum aestivum L.) cover crop and 
no cover crop and observed no significant interactions between cover crop presence and 
N fertilizer application timing. Despite research examining corn response to different N 
fertilizer application timings, limited information exists examining corn response to N 
timings when following a RCC. Previous research has shown the complexity and 
differences of N dynamics under no-till and cover cropped soils, yet many current N 
timing recommendations are based off of conventional-till systems (Adeyemi et al., 
2020). 
Research trials have investigated RCC impacts on environmental factors (e.g., soil 
quality and moisture, nutrient levels) and cash crop production (e.g., growth, nutrient 
uptake, yield). Yet, few research trials have addressed the role of different management 
strategies and their ability to limit corn early-season stress, yield reductions, and N 
fertilizer requirements when following a RCC. Additionally, the potential for N fertilizer 
timing adjustments to improve corn nitrogen use efficiency (NUE) and yield has been 
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well documented. However, further research is needed to understand the potential 
impacts of N fertilizer application timings within a conventional corn-RCC management 
system. Therefore, the objectives of this trial were to evaluate corn growth, grain yield, 
and optimum N fertilizer requirement following a RCC and different N fertilizer 
application timings.   
4.3 MATERIALS AND METHODS 
4.3.1 Locations and Site Descriptions 
 Field trials were initiated at one location in 2018 and at three locations in 2019 
and 2020. In 2018, a trial was performed at the University of Kentucky North Farm in 
Lexington, KY (38.12 N, 84.49 W) on a no-till, Bluegrass-Maury silt loam soil (fine, 
mixed, active, mesic, Typic Paleudalfs). In 2019 and 2020, trials were performed at the 
University of Kentucky North Farm in Lexington, KY, at a private on-farm location in 
Glendale, KY (37.58 N, 85.95 W) on a no-till, Crider silt loam soil (fine mixed, active, 
mesic, Typic Paleudalfs), and at the University of Kentucky Research and Education 
Center in Princeton, KY (37.10 N, 87.87 W) on a no-till, Crider silt loam soil. Lexington 
trials were irrigated and previously cropped to soybean [Glycine Max (L.) Merr.], 
Glendale trials were non-irrigated and previously cropped to soybean, and Princeton trials 
were non-irrigated and previously cropped to corn. Soil samples (10-cm depth) were 
collected prior to fall RCC establishment, air-dried, and ground to pass through a 2-mm 
sieve. Soil characteristics (0-10 cm) included 6.7 to 7 pH, 111 to 165 mg kg-1 Mehlich 3-
extractable P, and 176 to 193 mg kg-1 Mehlich 3-extractable K at Lexington, 6.5 to 6.9 
pH, 36 to 39 mg kg-1 Mehlich 3-extractable P, and 181 to 222 mg kg-1 Mehlich 3-
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extractable K at Glendale, and 6.9 to 7.3 pH, 20 to 33 mg kg-1 Mehlich 3-extractable P, 
and 152 to 191 mg kg-1 Mehlich 3-extractable K.  
4.3.2 Experimental Procedures 
Twenty treatments were arranged in a factorial, randomized complete block 
design with four replications. The first factor – cover crop treatment - included RCC 
cultivar ‘Aroostook’ drill-seeded in the fall at a rate of 67 kg ha-1 and row spacing of 19.1 
cm, and no RCC. Rye fall seeding dates varied by site and annual crop harvest and 
ranged from 30 Sept to 28 Oct (Table 4.1). The no cover crop treatments received a 
single fall glyphosate [N-(phosphonomethyl) glycine] application to remain free of 
vegetative ground cover. The second factor – N timing - included two corn N fertilizer 
application timings. The first N fertilizer application timing consisted of all N fertilizer 
applied at corn planting with 34 kg N ha-1 applied as either a 5 cm to the side and 5 cm 
below (5x5) (Lexington and Glendale) or a 5 cm to the side and 0 cm below (5x0) 
(Princeton) starter and remaining N fertilizer surface-banded 38 cm to one side of each 
corn row. The second N fertilizer application timing consisted of split-applied N with 34 
kg N ha-1 applied as either a 5x5 or 5x0 starter at planting and remaining N fertilizer 
surface-banded 38 cm to one side of each corn row at the V6 corn growth stage. Nitrogen 
fertilizer was applied as urea ammonium nitrate (UAN, 32-0-0) at Lexington and 
Glendale and urea (46-0-0) at Princeton. The third factor – N rate - included six N 
fertilizer rates ranging from 0 to 303 kg N ha-1 and applied in increments of 67 kg N ha-1. 
Each of the six N fertilizer rates applied represent the total N rate including the starter.  
 The RCC was chemically terminated with glyphosate approximately 14 days prior 
to corn planting to avoid potential negative effects on corn seedlings caused by 
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terminating too close to corn planting (Dhima et al., 2006; Acharya et al., 2017). A white 
corn hybrid ‘P1618WAM’ (116-d relative maturity, Pioneer Hi-Bred, Johnston, IA) was 
planted at a rate of 93,900 seeds ha-1 into individual four-row plots measuring 3.1 m x 9.1 
m with a 76 cm row spacing. Plots were planted with a four-row John Deere 7000 series 
planter (Deere & Co., Moline, IL.) at Lexington and Glendale and with a four-row 
Wintersteiger Dynamic Disc planter (Wintersteiger AG, Reid, Austria) at Princeton. Corn 
was planted on 3 May 2018, 8 May 2019, and 23 May 2020 at Lexington, 30 Apr. 2019 
and 22 May 2020 at Glendale, and 17 Apr. 2019 and 21 Apr. 2020 at Princeton. Plots 
were maintained weed free for the entire corn growing season. 
4.3.3 Data Collection 
 Aboveground RCC biomass was sampled one day prior to chemical termination 
each spring. Four random 0.093 m2 locations encompassing two RCC rows were sampled 
per replicate by cutting the RCC plants at the soil surface and combining the RCC 
biomass from the four locations into one composite sample per replicate. Samples were 
dried at 60°C, weighed to determine dry matter production, and ground using a 1-mm 
mesh screen. Rye samples were analyzed for total C and N by dry combustion (LECO 
Corp., St. Joseph, MI). Total aboveground RCC C and N was calculated from the C and 
N concentrations and multiplied by aboveground biomass dry matter. Soil samples (30-
cm depth) were taken one day prior to RCC termination for analysis of soil inorganic N 
concentrations. Two soil cores were taken from each RCC plot and no cover crop plot 
(n=20, RCC and no cover crop) and combined into one sample for each cover crop 
treatment per replicate. Soil inorganic N was extracted from dried soil samples using 1 M 
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KCl followed by analysis of NO3-N and NH4-N using a colorimetric microplate 
methodology (Crutchfield and Grove, 2014). 
 Plant stands were assessed at the V3 growth stage by counting the total number of 
plants per one 9.1 m row of each plot and expressed as plants per ha-1. Corn ear leaf N 
status at the R1 growth stage was assessed with a Minolta SPAD 502 chlorophyll meter 
(Konica Minolta, Tokyo, Japan). Ten random plants were selected from the center two 
rows of each plot with one measurement per plant recorded halfway between the ear leaf 
collar and leaf tip (Peterson et al., 1993). The center two rows of each plot (1.5 m) were 
harvested with a Wintersteiger Delta research plot combine and grain yield and moisture 
were recorded with a HarvestMaster System (Juniper Systems, Logan, UT). Grain yield 
data was reported at 155 g kg-1. Agronomic efficiency was calculated as the difference 
between corn yield of treatments with N fertilizer and corn yield of unfertilized control, 
divided by the N fertilizer rate (Sawyer et al., 2017; Purucker and Steinke, 2020).  
4.3.4 Statistical Analysis 
Data was analyzed using an analysis of variance (ANOVA) via a linear mixed 
effect model using the lme4 (Bates et al., 2015) and lmerTest (Kuznetsova et al., 2017) 
packages in R version 3.6.1 (R Core Team, 2019) where location, year, treatment, and 
their interactions were designated as fixed effects and replication was designated as 
random. Equal variance assumptions were validated using the Levene’s test function 
within the car package (Fox and Weisberg, 2019) of R. Treatment means were estimated 
and separated using the emmeans (Lenth, 2020) package in R. To determine the effects of 
RCC and N fertilizer application timing on corn yield response to N fertilizer rate we 
used a mixed-effects quadratic-plateau model. We approached this analysis using a 
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Bayesian framework using the brms package (Bürkner, 2018) of R and included 
appropriate prior distributions on the model parameters. This approach was necessary to 
achieve model convergence and it also allowed for estimation of prediction uncertainty. 
As with the previous models, fertilizer N rate, RCC, and N timing were considered fixed 
factors; year and replication were considered random. Model inference was based on 
summaries (i.e. mean, standard error and credible intervals) of the posterior distribution 
of model parameters. The join point was considered the lowest fertilizer N rate needed to 
maximize yield, also known as the AONR.  
4.4 RESULTS 
4.4.1 Environmental Conditions 
 In 2018, total growing season precipitation (May- Oct) at Lexington was +576 
mm compared to the 30-yr mean (1981-2010) (Figure 4.1). Five of the six months during 
the corn growing season at Lexington had above average precipitation (May – Sep), and 
Sep precipitation was +274 mm above average. Total average growing season 
temperature in 2018 averaged 2.1°C above the 30-yr mean at Lexington. May and Sep 
average temperature were +5.3 and +2.5°C above the 30-yr mean, respectively, whereas 
the rest of the growing season monthly temperature averages trended near the 30-yr 
mean.  
Corn growing season precipitation in 2019 (May - Oct for Glendale and 
Lexington, and Apr – Sep for Princeton) was -137, +23, and -18 mm compared to the 30-
yr mean for Glendale, Lexington, and Princeton, respectively (Figure 4.1). In addition, 
average growing season temperature was above average for each location (+3, +3, +2°C 
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for Glendale, Lexington, and Princeton, respectively). Spring 2019 precipitation (Apr – 
Jun) was above average for each location (+110, +156, +5, for Glendale, Lexington, and 
Princeton, respectively), whereas summer precipitation (Aug – Sep) was below average 
for each location. September was significantly dry and warm in 2019 with only 3, 5, and 
9 mm of measurable rainfall for Glendale, Lexington, and Princeton, respectively and 
temperatures of +4, +4, and +3°C above average for Glendale, Lexington, and Princeton, 
respectively. 
The 2020 total growing season precipitation was above average for each location 
(+73, +23, and +106 for Glendale, Lexington, and Princeton, respectively) (Figure 4.1), 
whereas average growing season temperature was near the 30-yr mean for each location 
(+0.2, +0.1, and -1.2°C for Glendale, Lexington, and Princeton, respectively). Spring 
2020 precipitation (Apr – Jun) was below average at Glendale and Princeton (-11 and -41 
mm, respectively) and above average at Lexington (+172 mm) and summer 2020 (Aug – 
Oct) precipitation was at or above average for each location in 2020 (+0, +86, and +62 
mm, for Glendale, Lexington, and Princeton, respectively). Spring temperature averaged 
+0, +1, and -5°C and summer temperature averaged +0, +2, and -4°C from the average 
for Glendale, Lexington, and Princeton, respectively.  
4.4.2 Rye Cover Crop Shoot Biomass and Nitrogen Uptake 
 Rye cover crop fall planting dates ranged from 1 Oct - 30 Oct and RCC 
termination dates ranged from 28 Mar – 20 Apr across site-years (Table 4.1). Total RCC 
shoot biomass produced on average 2146, 2141, and 934 kg ha-1 at Glendale, Lexington, 
and Princeton, respectively with an average biomass of 1740 kg ha-1 across site years. 
Total RCC aboveground N uptake averaged 41, 37, and 17 kg N ha-1 at Glendale, 
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Lexington, and Princeton, respectively with an average N uptake of 32 kg N ha-1 across 
site-years. In addition, RCC shoot C/N ratio averaged 23, 23, 21 at Glendale, Lexington, 
and Princeton, respectively with an average C/N ratio of 22 across site-years.  
4.4.3 Soil Inorganic Nitrogen 
 The inclusion of a RCC prior to corn planting significantly (P = 0.0121) reduced 
total soil inorganic N (NH4-N + NO3-N) in 2 of 7 site-years (Figure 4.2). Despite 
statistical insignificance in certain site-years, total soil inorganic N prior to corn planting 
trended lower following a RCC in all seven site-years. Across all study site-years 
preplant total soil inorganic N was 18% less following a RCC compared to no cover crop. 
4.4.4 Corn Chlorophyll Content, Agronomic Efficiency, Plant Stand, and Grain 
Yield 
On average across N fertilizer rates, R1 ear leaf chlorophyll content (SPAD) 
values were 4.2% lower following a RCC compared to no RCC (Figure 4.3). 
Additionally, R1 SPAD values across N fertilizer rates were on average 2.3% lower for a 
preplant applied N fertilizer application compared to a split-applied N fertilizer 
application. No significant interaction between a RCC and N fertilizer application timing 
on R1 SPAD was observed (Table 4.2). Statistical differences in corn N agronomic 
efficiency were observed between RCC and N fertilizer application timings across N 
fertilizer rates (Figure 4.3). On average, corn agronomic efficiency was 15.1% lower 
following a RCC compared to no RCC and was 19.6% lower following a preplant N 
fertilizer application compared to a split N fertilizer application. No significant 




4.4.5 Corn Response to Nitrogen Fertilizer 
Quadratic plateau regression analysis indicated statistical differences in corn 
response to N fertilizer rate due to RCC and N fertilizer application timing treatments 
(Table 4.3). The intercept, which indicates corn grain yield at the 0 kg N ha-1 rate, was on 
average 20% lower when corn followed a RCC. The linear and quadratic coefficients 
were statistically higher and lower, respectively with split-applied N fertilizer. However, 
there was no significant effect of RCC on the linear and quadratic coefficients. The join 
point of the quadratic plateau regression equation, which indicates the AONR, and the 
YAONR were not statistically different between either RCC or N fertilizer application 
timing treatments (Table 4.3, Figure 4.4). Despite the insignificance, the AONR trended 
15% lower with a split-applied N fertilizer application across both RCC and no RCC 
treatments. 
4.5 DISCUSSION 
 Minimal research has addressed the role of farmer management practices in 
reducing the negative impacts of a RCC on corn growth and yield. The objective of this 
research was to evaluate corn growth, grain yield and optimum N fertilizer rate and 
timing following a RCC. Overall, our research determined that a split application of N 
fertilizer can improve corn agronomic efficiency, R1 SPAD, grain yield, and reduce the 
N fertilizer requirement following a RCC. These results provide insight into potential N 
management practices to limit corn N stress and yield reductions following a RCC. 
 Across site-years and N fertilizer treatments, corn following a RCC resulted in an 
8.6% reduction in grain yield (Figure 4.2). The intercept of the quadratic plateau 
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regression of yield response to N rate, which indicates corn yield at the 0 kg N ha-1, was 
statistically lower following a RCC compared to no cover crop (Table 4.3). However, the 
corn grain yield at the AONR was not statistically different between RCC and no cover 
crop. This result suggests that the recycling of N back to the soil from RCC biomass 
degradation was insufficient and/or nonsynchronous with corn N uptake and that the 
negative effect of the RCC on corn yield could be largely overcome with sufficient N 
fertilizer. The fact that the observed reduction in grain yield following a RCC was due to 
plant N stress was also supported by a 2.3% reduction in R1 ear leaf SPAD values 
(Figure 4.3). And, in addition, by an 18% reduction in soil inorganic N levels prior to 
corn planting in the RCC plots (Figure 4.2). Previous research has shown that a RCC can 
cause N stress and limit corn yield through the uptake and depletion of plant available N 
and N immobilization through high residue C (Kuo and Jellum, 2002; McSwiney et al., 
2010; Krueger et al., 2011). In this trial, RCC biomass had an average N uptake of 32 kg 
N ha -1 and an average C/N ratio of 22 (Table 4.1). Although a C/N ratio of 22 may not be 
sufficient to cause N immobilization (Clark et al., 1997), the roots of a RCC, which were 
not measured in this study, can produce C/N ratios >60, thus causing N immobilization 
(Kuo and Jellum, 2002; McSwiney et al., 2010).  
Across seven site-years, the AONR averaged 232 kg N ha-1 across all treatments. 
Agronomic optimum N rates in this trial are significantly higher than recommended corn 
N rates in Kentucky (Ritchey and McGrath, 2018) and surrounding Midwestern states 
(IN, OH) (Culman et al., 2020). However, university corn N rate recommendations are 
not based strictly on maximizing corn yield and include other factors such as profitability 
and environmental implications (Ritchey and McGrath, 2018; Culman et al., 2020). In 
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addition, N fertilizer in this trial was applied on the soil surface in a no-till system, which 
may have increased the potential for N loss from volatilization (Keller and Mengel, 
1986), thus increasing the average AONR. Aligning with numerous observations of 
greater corn N stress following a RCC in this trial, the AONR was 10-20 kg ha-1 greater 
following a RCC than no RCC (Figure 4.4). This difference was not statistically different 
but may be relevant from a management perspective. This is because it is less 
economically favorable to underapply N than to overapply N and due to the risk averse 
nature of farmers, overapplication of N fertilizer is more likely to insure maximum crop 
yield (Arbuckle and Rosman, 2014; Quinn and Steinke, 2019). 
Apart from the evidence for corn N stress following a RCC, we also observed 
lower corn plant stands following a RCC. This was likely due to residue interference on 
the soil surface and within the seed furrow (Duiker and Curran, 2005), and cool soils as a 
result of greater soil moisture (Acharya et al., 2017; Reed et al., 2019). A companion 
research trial (Quinn et al., 2021, unpublished) indicated greater early-season (Apr- May) 
soil moisture in the corn rooting zone when following a RCC which can slow seeding 
emergence and growth and increase the potential for seedling disease and stand loss 
(Acharya et al., 2017). Our results suggest that the reduction in corn grain yield below the 
AONR were due to a combination of N immobilization, N stress caused by reduced plant 
available N, and plant stand loss. In comparison to previous research, these are three of 
the most common reasons for corn yield reductions following a RCC (McSwiney et al., 
2010; Pantoja et al., 2015; Kaspar and Bakker, 2015; Marcillo and Miguez, 2017; 
Acharya et al., 2017). The impact of a RCC on corn plant stand suggests that corn yield 
reductions due to a RCC may occur even when sufficient N fertilizer is applied. 
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 In this study, N fertilizer was surface applied between the corn rows at both the 
preplant and sidedress N applications. We observed that the split N fertilizer application 
timing resulted in a greater linear coefficient and smaller quadratic coefficient than the 
preplant N application timing for yield response to N rate for both cover crop treatments 
(Table 4.3). This finding suggests that the split N treatment resulted in greater yield 
increase per unit N applied, or more efficient N fertilizer use, than the preplant treatment. 
The more efficient use of split-applied N fertilizer was corroborated by the greater corn N 
agronomic efficiency and higher R1 SPAD values for split-applied N fertilizer compared 
to a preplant application (Figure 4.3). The AONR and the yield at the AONR also trended 
15% lower and 5% higher, respectively following a split N application compared to a 
preplant N application, although they were not statistically different. These results 
suggest that, regardless of the inclusion of a RCC, a split N application can improve corn 
yield and potentially reduce the N fertilizer rate required to maximize corn yield.  
  As average field size and corn acreage managed per farmer increases, surface 
broadcast or banded applications of N are becoming more prevalent due to the ability to 
apply N at a faster speed while covering more acreage than coulter injection (Purucker 
and Steinke, 2020). Preplant N applications allow greater exposure of N to potential loss 
conditions (immobilization, leaching, denitrification) than in-season applications due to 
low corn N uptake during early growth (Scharf et al., 2002; Rutan and Steinke, 2018). In 
addition, both no-till and the inclusion of a RCC residue on the soil surface can increase 
urease activity (Cantarella et al., 2018; Nevins et al., 2020), therefore increasing the 
potential for N volatilization. Our research suggests that a split N application with the 
majority of N surface banded at sidedress (V5-7) can deliver fertilizer N more efficiently 
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to the crop, perhaps through avoidance of N volatilization and immobilization periods 
during early corn growth (Nevins et al., 2020). In addition, a sidedress N application is 
applied closer to peak corn N uptake which likely improved agronomic efficiency 
(Bender et al., 2013). Overall, our results suggest that farmers in similar production 
environments should use a split N application to improve corn N use efficiency and yield 
regardless of the presence of a RCC. However, split-application may be particularly 
appealing in a system with a RCC, where a lower plant-available N supply necessitates 
more efficient fertilizer delivery to limit the need for a higher N fertilizer rate. Further 
research may be required across more environmental conditions, RCC biomass levels, 
and N applied with and without a urease inhibitor.  
4.6 CONCLUSIONS 
 This research trial demonstrates that a split application of N fertilizer has the 
potential to improve corn grain yield, R1 chlorophyll content, agronomic efficiency, and 
lower the N fertilizer rate required to maximize yield compared to an N application at 
planting. Similar responses to N fertilizer application timing were observed between corn 
following no cover crop and corn following a RCC. However, these results provide 
evidence of using a split application to limit N stress and grain yield losses following a 
RCC, which are two of the most common negative effects observed. In addition, 
adjusting N fertilizer timing and not N fertilizer rate was the most effective at limiting N 
stress and yield loss following a RCC. These results suggest that N fertilizer management 
can be used to limit corn stress and yield reduction following a RCC, which may reduce 
hesitancy of RCC adoption prior to corn production and allow more farmers to capitalize 
on the soil conservation and ecosystem benefits a RCC provides. In addition, further 
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research examining the 4Rs (right rate, source, time, placement) of N fertilizer 
management across multiple environments and RCC biomass levels may provide further 
insights into understanding how to limit N stress and yield loss in corn following a RCC 
and maximize the potential of a RCC-corn system. 
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Figure 4.1. Mean monthly air temperature (lines and points) and precipitation (bars) and respective 30-year means (1981-2010) across 
study site-years. Glendale, Lexington, and Princeton, KY (2018-20). 
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Table 4.1. Individual site-year rye planting date and termination date, and mean 
aboveground biomass, total carbon (C), total nitrogen (N), and C:N ratio of rye samples 
taken prior to termination. Glendale, Lexington, and Princeton, KY (2018-20).  












    kg ha-1 kg ha-1 kg ha-1   
Glendale 2019 9 Oct. 6 Apr. 2547.5 1081.9 54.9  20 
 2020 1 Oct. 15 Apr. 1744.0 729.6 26.5  25 
         
Lexington 2018 28 Oct. 20 Apr. 485.4 196.5 13.6  15 
 2019 10 Oct. 10 Apr. 2401.7 993.4 51.5  20 
 2020 7 Oct. 15 Apr. 3538.9 1531.3 44.7  35 
         
Princeton 2019 30 Oct. 28 Mar. 360.3 150.8 10.4  15 

















Figure 4.2. Mean site-year total soil inorganic nitrogen (NH4-N + NO3-N) levels (0-30 cm) sampled one day prior to corn planting. 
Glendale, Lexington, and Princeton KY (2018-20). *Bars with dissimilar lowercase letters within each location and year indicate 





Figure 4.3. Corn growth stage R1 ear leaf chlorophyll content (SPAD) (a) and agronomic 
efficiency (AE) (b) in response to rye cover crop and nitrogen (N) fertilizer application 
timing, averaged across sites, years, and N fertilizer rates. Glendale, Lexington, and 
Princeton, KY (2018-2020). Dissimilar lowercase letters indicate a significant SPAD and 
AE difference between N timings at P ≤ 0.10. Dissimilar uppercase letters indicate a 
significant SPAD and AE differences by cover crop presence at P ≤ 0.10. Diamonds 

















Table 4.2. Analysis of variance for corn response to rye cover crop (RCC) nitrogen (N) 
fertilizer application timing and N fertilizer rate, combined across site-years. Glendale, 
Lexington, and Princeton, KY (2018-20).  
Source† Plant Stand SPAD R1 Grain 
Yield 
AE† 
 -------------------------------- P > F ----------------------------
 Rye Cover Crop  0.037 0.014 <0.001 0.082 
N Fertilizer Timing 0.265 0.007 <0.001 0.001 
N Fertilizer Rate 0.963 <0.001 <0.001 <0.001 
RCC * N Timing 0.688 0.525 0.314 0.897 
RCC * N Rate 0.387 0.114 0.503 0.047 
N Timing * N Rate 0.851 0.126 0.092 0.305 
RCC * N Timing * N 
 
0.883 0.751 0.886 0.956 
† RCC; rye cover crop, AE; agronomic efficiency (kg grain kg N-1). 


















Table 4.3. Regression model parameters, agronomic optimum nitrogen rate (AONR) and corn yield at the agronomic optimum 
nitrogen rate (YAONR) describing the corn grain yield response to rye cover crop (RCC), nitrogen (N) fertilizer application timing, 
and N fertilizer rate, across sites and years. Glendale, Lexington, and Princeton, KY (2018-2020).  
   Regression Parameters   







       kg N ha-1 Mg ha-1 
No Preplant QP 5.72 a* 50.6 b -78.7 a 0.241 a 241 a 13.23 a 
No Split QP 5.93 a 62.8 a -120.0 b 0.206 a 206 a 13.55 a 
         
Yes Preplant QP 4.75 b 50.2 b -74.6 a 0.261 a 261 a 12.63 a 
Yes Split QP 4.61 b 67.3 a -121.1 b 0.218 a 218 a 13.40 a 
† QP, quadratic plateau regression model.  











Figure 4.4. Corn grain yield response to rye cover crop, nitrogen (N) fertilizer application timing, and N fertilizer rate, across sites and 
years. Glendale, Lexington, and Princeton, KY (2019-2020). Vertical lines and numbers illustrate the agronomic optimum nitrogen 
rate (AONR) for each respective N timing and cover crop treatment, and numbers within parentheses illustrate the corn grain yield at 





CHAPTER 5. RYE COVER CROP AND IN-FURROW FERTILIZER AND FUNGICIDE IMPACTS ON 
CORN OPTIMUM SEEDING RATE AND GRAIN YIELD 
5.1 ABSTRACT 
Higher corn seeding rates and in-furrow fertilizer and fungicide combinations may be 
effective tools to overcome early-season corn (Zea mays L.) stress, stand reductions, and 
yield loss following a rye (Secale cereale L.) cover crop (RCC). The objective of this 
research trial was to evaluate corn growth and yield response and optimum seeding rate 
requirement following a RCC and different in-furrow starter treatments. Trials were 
established at three Kentucky locations (2017-20) to evaluate corn response to seeding 
rate (49421 – 108726 seeds ha-1) following a RCC and no cover crop, and in-furrow 
fertilizer (10-34-0) + fungicide (pyraclostrobin) and no in-furrow starter. Across 
locations, a RCC reduced preplant soil N by 19%. In addition, at 2 of 3 locations a RCC 
reduced corn V5 chlorophyll content by 3.1% and corn yield by 2.7%. The inclusion of 
an in-furrow starter failed to increase corn yield at any location and no interaction with a 
RCC was observed. Furthermore, an in-furrow starter reduced corn plant stand by 3.2% 
at 2 of 3 locations. At Lexington, quadratic regression analysis revealed that a higher corn 
agronomic optimum seeding rate (AOSR) was required to maximize corn following a 
RCC compared to no cover crop. However, no significant stand loss was observed at this 
location. Overall, these results suggest that in-furrow fertilizer and fungicide do not 
ameliorate negative effects from a RCC and may cause negative impacts when applied 
simultaneously in-furrow. In addition, a higher corn AOSR may be required following a 
RCC to maximize corn yield. However, because the effects of a RCC on AOSR were 




Since 2012, total land area planted to cover crops in the state of Kentucky and the 
U.S. increased by 18 and 50%, respectively (USDA-NASS, 2017). Cover crops are 
grown between fall cash crop maturity and subsequent spring cash crop planting to 
improve soil and water quality, increase soil organic matter, reduce soil nutrient losses, 
and reduce weed growth and herbicide dependence (Sainju et al., 1994; Duiker and 
Curran, 2005; Snapp et al., 2005; Chen and Weil, 2011; Kaspar et al., 2012; Acharya et 
al., 2017). Various plant species are used as cover crops, with species selection 
depending on crop rotation, the time of the year between crops, area environmental 
conditions, and potential cover crop growth (Acharya et al., 2017). In Kentucky, and 
across the southern and midwestern U.S., cereal rye (Secale cereale L.) cover crop (RCC) 
use has gained popularity due to low seed cost, large biomass production, germination 
and establishment potential, and winter hardiness across a wide range of soil and 
environmental conditions (Snapp et al., 2005; Feyereisen et al., 2006; Rorick and 
Kladivko, 2017).  
Despite numerous environmental and soil quality benefits associated with a RCC, 
many farmers are hesitant to adopt this management practice due to occasional corn (Zea 
mays L.) yield reductions observed (Eckert, 1988; Pantoja et al., 2015; Kaspar and 
Bakker, 2015; Bakker et al., 2016; Martinez-feria et al., 2016; Acharya et al., 2017). Corn 
yield reductions following a RCC have been shown to range from 1.5 to 7% (Pantoja et 
al., 2015; Martinez-feria et al., 2016; Ruffatti et al., 2019; Patel et al., 2019). Causes for 
corn yield reductions include physical factors such as insufficient or excessive moisture 
(Eckert et al., 1988; Pantoja et al., 2015), cool soil conditions (Kaspar et al., 1990; Kaspar 
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and Bakker, 2015; Pantoja et al., 2015), poor seed placement (Eckert et al., 1988; Kaspar 
and Bakker, 2015), and RCC surface mulch interference (Kaspar and Bakker, 2015; 
Pantoja et al., 2015) which can limit corn emergence and plant stand. Biological factors 
such as increased seedling disease (Bakker et al., 2016; Acharya et al., 2017)and insect 
feeding (Dunbar et al., 2016) which can limit corn emergence and yield. For example, 
Bakker et al. (2016) isolated various Fusarium and Pythium pathogens from RCC roots, 
each of which were observed to cause root disease on corn seedlings. And, chemical 
factors such as reduced soil nitrogen supply and availability (Krueger et al., 2011; Ladoni 
et al., 2015; Acharya et al., 2017)). Research trials have shown a RCC can accumulate 41 
to 135 kg N ha-1 prior to spring cash crop planting, which can limit total plant available N 
prior to corn planting (Kaspar et al., 2012; Hill et al., 2016). In addition, a RCC is often 
terminated prior to spring corn planting at a growth stage with high surface residue and 
root C/N ratio (>20:1, >60:1, respectively), which can limit early-season corn N uptake 
through immobilization of plant available N (Krueger et al., 2011; Ladoni et al., 2015; 
Acharya et al., 2017). 
One way to address reduced stands associated with cover crop use is to adjust 
seeding rates. Farmers show continued interest in growing corn in dense populations to 
maximize corn grain yield (Reeves and Cox, 2013; Mackey et al., 2016). Modern corn 
hybrids can tolerate greater seeding rates than older hybrids since newer hybrids have 
greater resistance to plant competition, lodging and drought (Hammer et al., 2009; 
Reeves and Cox, 2013a). Consequently, recommended seeding rates continue to trend 
upward, often exceeding 80,000 plants ha-1, yet optimum populations are often both 
latitude and environmentally dependent (Reeves and Cox, 2013a; Mackey et al., 2016). 
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Previous research has examined corn seeding rate difference across tillage systems (e.g. 
conventional, strip-till, and no-till), soil characteristics (e.g. P, K, pH, SOM, CEC) and 
topographical data (e.g. elevation, slope, aspect, curvature), however no significant 
interactions were observed between optimum corn seeding rate and variables examined 
(Licht et al., 2017; Sweeney, 2017). Seeding rate adjustments may be necessary 
following a RCC to overcome decreased plant stands, yet no published research or 
current recommendations address this question.  
In addition to adjusted seeding rates, in-furrow application systems may be 
employed to reduce seedling disease pressure and increase nitrogen supply to corn 
following a RCC. Planters equipped with liquid in-furrow application systems can be 
used to place fertilizer, fungicide, insecticide, or a combination near the seed at planting 
and are common in modern U.S. corn production (Pierson et al., 2018; Quinn et al., 
2020). In-furrow starter fertilizers containing single nutrients or combinations of nutrients 
[e.g., N, phosphorus (P)] are routinely applied to improve early-season nutrient uptake, 
nutrient use efficiency, and plant growth (Bermudez and Mallarino, 2004; Wortmann et 
al., 2006; Kaiser et al., 2016; Quinn et al., 2020). Quinn et al. (2020) determined starter 
fertilizer application can increase corn yield by an average of 5.2%, regardless of 
placement. Furthermore, Bermudez and Mallarino (2004) determined in-furrow fertilizer 
can increase corn grain yield 1.1%, early-season growth 27%, and plant N or P uptake by 
30%. The in-furrow placement is more common due to reduced equipment cost, faster 
planter speeds, and less of an influence from early-season soil moisture conditions 
compared to the 5 cm to side x 5 cm to the side of the seed (5x5) starter placement 
(Kaiser et al., 2016; Rutan and Steinke, 2018). Although starter fertilizer use has been 
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studied extensively in the U.S. across management systems and environmental conditions 
(Quinn et al., 2020), minimal information exists understanding the potential for in-furrow 
starter fertilizers to improve early-season corn growth, nutrient uptake, early-season 
nutrient insufficiencies, and N immobilization when following a RCC. In Iowa, Patel et 
al. (2019) examined the impact of 34 kg N ha-1 applied in a 5x5 starter on corn at planting 
and determined there was no significant impact of RCC presence on corn response to 
starter fertilizer.  
In addition to in-furrow fertilizer use, numerous fungicides have been labelled for 
in-furrow use to enhance seedling vigor and protect seedlings against soil-borne 
pathogens (e.g., Fusarium, Phytophthora, Pythium, and Rhizoctonia) (Pierson et al., 
2018). In soybean, Pierson et al. (2018) observed inconsistent responses to in-furrow 
fungicide application across site-years, with yield responses ranging from -0.6 to 0.3 Mg 
ha-1. Since previous research has observed elevated seedling pathogen levels in corn 
following a RCC (Bakker et al., 2016; Acharya et al., 2017), in-furrow fungicide use may 
be required beyond standard fungicide seed treatments for adequate corn seedling 
protection from elevated soil-borne pathogen incidence following a RCC. However, no 
published research has addressed this question.  
Numerous research studies have focused on the specific impacts that a RCC has 
on the environment (e.g., soil and water quality, soil moisture, nutrient removal) and cash 
crop growth (e.g., emergence, nutrient uptake, yield). Yet, few research trials have 
addressed the role of farmer management practices and their ability to limit corn 
emergence and yield reductions when following a RCC. Current corn seeding rate 
recommendations may need to be adjusted in the presence of a RCC to limit yield 
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reductions from plant emergence issues. Furthermore, the potential for in-furrow fertilizer 
and fungicide to improve corn grain yields has been well documented, however further 
research is needed to understand the potential impacts of in-furrow applications within a 
conventional corn-RCC management system. Therefore, the objective of this research 
trial was to evaluate corn growth and yield response and optimum seeding rate 
requirement following a RCC and different in-furrow starter treatments. 
5.3 MATERIALS AND METHODS 
5.3.1 Field Trial Locations and Descriptions 
Research trials were conducted at one location in 2018 and at three locations in 
2019 and 2020. Trials were performed at a private on-farm location (2019-20) in 
Glendale, KY (37.58 N, 85.95 W) on a no-till, Crider silt loam soil (fine mixed, active, 
mesic, Typic Paleudalfs), the University of Kentucky North Farm (2018-2020) in 
Lexington, KY (38.12 N, 84.49 W) on a no-till, Bluegrass-Maury silt loam soil (fine, 
mixed, active, mesic, Typic Paleudalfs), and at the University of Kentucky Research and 
Education Center (2019-20) in Princeton, KY (37.10 N, 87.87 W) on a no-till, Crider silt 
loam soil. Corn in Glendale was non-irrigated and planted following soybean, corn in 
Lexington was irrigated and planted following soybean [Glycine Max (L.) Merr.], and 
corn in Princeton was non-irrigated and planted following corn. Soil samples (20-cm 
depth) were collected prior to fall RCC establishment, air-dried, and ground to pass 
through a 2-mm sieve. Soil characteristics (20-cm depth) included 6.7 to 7 pH (1:1 
soil/water), 111 to 165 mg kg-1 Mehlich 3-extractable P, and 176 to 193 mg kg-1 Mehlich 
3-extractable K at Lexington, 6.5 to 6.9 pH, 36 to 39 mg kg-1 Mehlich 3-extractable P, 
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and 181 to 222 mg kg-1 Mehlich 3-extractable K at Glendale, and 6.9 to 7.3 pH, 20 to 33 
mg kg-1 Mehlich 3-extractable P, and 152 to 191 mg kg-1 Mehlich 3-extractable K at 
Princeton. 
5.3.2 Experimental Procedures 
Treatments were arranged in a factorial, randomized complete block design and 
replicated four times. The first factor – cover crop treatment - included the ‘Aroostook’ 
cereal RCC cultivar fall drill-seeded in 19.1 cm rows at a rate of 67 kg ha-1 and no RCC. 
Fall RCC seeding dates varied by site and annual crop harvest and ranged from 30 Sept to 
28 Oct (Table 5.1). The no cover crop treatments received a single fall glyphosate [N-
(phosphonomethyl) glycine] application to remain free of vegetative ground cover. The 
second factor – in-furrow starter - included in-furrow starter (5.6 kg N ha-1 ammonium 
polyphosphate [10-34-0] + 0.9 L ha-1 pyraclostrobin {carbamic acid, [2-[[[1-(4-
chlorophenyl)-1H-pyrazol-3-yl]oxy]methyl]phenyl]methoxy-, methyl ester}) and no in-
furrow starter. The third factor – corn seeding rate - included five corn seeding rates 
ranging from 49,400 to 108,700 seeds ha-1 with increments of 14,800 seeds ha-1.  
 Rye cover crop was chemically terminated with glyphosate approximately 14 
days prior to corn planting to avoid potential negative effects on corn seedling caused by 
termination too close to corn planting (Dhima et al., 2006; Acharya et al., 2017). White 
corn hybrid ‘P1618WAM’ (116-d relative maturity, Pioneer Hi-Bred, Johnston, IA) was 
planted at a row spacing of 76 cm into individual four-row plots measuring 3.1 m x 9.1 
m. Plots were planted with a four-row Wintersteiger Dynamic Disc plot planter 
(Wintersteiger AG, Reid, Austria) equipped with Yetter floating planter-unit mounted 
row cleaners (Yetter Manufacturing, Colchester, IL) at all locations. Corn was planted on 
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3 May 2018, 1 May 2019, and 16 May 2020 at Lexington, 29 Apr. 2019 and 22 May 
2020 at Glendale, and 17 Apr. 2019 and 21 Apr. 2020 at Princeton. Plots were 
maintained weed free for the entire corn growing season. Nitrogen fertilizer was applied 
as urea ammonium nitrate (UAN, 32-0-0) at Lexington and Glendale and urea (46-0-0) at 
Princeton was surface-banded 38 cm to one side of each corn row at the V6 growth stage 
at a rate of 224 kg N ha-1. 
5.3.3 Data Collection 
 Aboveground RCC biomass was sampled one day prior to spring termination. 
Four random 0.093 m2 locations encompassing two RCC rows were sampled per 
replicate by cutting the RCC plants at the soil surface and combining the RCC biomass 
from the four locations into one sample per replicate. Samples were dried at 60°C, 
weighed to determine total dry matter, and ground to pass through a 1-mm mesh screen. 
Rye samples were analyzed for total C and N by dry combustion (LECO Corp., St. 
Joseph, MI). Total aboveground RCC C and N was calculated from the C and N 
concentrations and multiplied by aboveground biomass dry matter. Soil samples (30-cm 
depth) were taken one day prior to RCC termination for analysis of soil inorganic N 
concentrations. Two soil cores were taken from each RCC plot and no cover crop plot 
and combined into one sample for each cover crop treatment per replicate (n=8). Soil 
inorganic N was extracted from dried soil samples using 1 M KCl followed by analysis of 
NO3-N and NH4-N using a colorimetric microplate methodology (Crutchfield and Grove, 
2014). 
 Corn plant density was assessed at the V3 growth stage by counting the total 
number of plants per one 9.1 m row of each plot and expressed as plants ha-1. Plant height 
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was measured from five plants from each of the center two rows of each plot at the V5 
growth stage. Corn leaf chlorophyll content at the V5 growth stage was assessed with a 
Minolta SPAD 502 chlorophyll meter (Konica Minolta, Tokyo, Japan). Ten plants were 
randomly selected from the center two rows of each plot and one measurement per plant 
halfway between the uppermost, fully-developed, leaf collar and leaf tip was recorded 
(Peterson et al., 1993). The center two rows of each plot (1.5 m) were harvested with a 
Wintersteiger Delta research plot combine and grain yield and moisture were recorded 
with a HarvestMaster System (Juniper Systems, Logan, UT). Grain yield data was 
adjusted to a moisture of 155 g kg-1.  
5.3.4 Statistical Analysis 
 Data were subject to analysis of variance (ANOVA) via a linear mixed effect 
model using the lme4 (Bates et al., 2015) and lmerTest (Kuznetsova et al., 2017) 
packages in R version 3.6.1 (R Core Team, 2019) where location, year, and treatment 
(cover crop, in-furrow starter, seeding rate) were designated as fixed effects and 
replication was designated as random. Equal variance assumptions were validated using 
the Levene’s test function within the car package (Fox and Weisberg, 2019) of R. 
Treatment means and their interactions were estimated and separated using the emmeans 
(Lenth, 2020) package in R and considered significantly different at P ≤ 0.10. To 
determine the effect of a RCC and in-furrow starter on corn yield response to seeding 
rate, mixed-effects quadratic regression models were fitted to mean grain yield in 
response to seeding rate for each rye cover crop and IF starter treatment using the lme4 
(Bates et al., 2015) package in R. We estimated the agronomic optimum seeding rate 
(AOSR) of each RCC and IF starter combination by calculating the derivative of each 
122 
 
quadratic equation, which represents the maximum point of the quadratic model fitted to 
maize grain yield. In cases where no maximum point was achieved, the AOSR for corn 
grain yield was set to the highest seeding rate examined (108,726 seeds ha-1).  
5.4 RESULTS 
5.4.1 Environmental Conditions 
2019 total growing season (May - Oct) rainfall at Glendale was -137 mm 
compared to the the 30-yr mean (1981-2010) (Figure 5.1a). Whereas, growing season 
temperature was +3°C compared to the 30-yr mean. Summer drought conditions were 
observed at Glendale in 2019, with only 3 mm of measurable rainfall and above average 
temperature (+4°C) in September. In contrast to 2019, 2020 rainfall trended above 
average at Glendale (+73 mm) and temperature trended near the growing season average 
(+0.2°C). Furthermore, spring (Apr - Jun) rainfall was below average (-11 mm) at 
Glendale in 2020 and summer (Aug – Oct) rainfall trended at the 30-yr mean.  
Total corn growing season (May- Oct) rainfall at Lexington was above average 
during all three years (+576, +23, and +23 mm for 2018, 2019, and 2020, respectively) 
(Figure 5.1b). In addition, growing season temperature trended at or above the 30-yr 
mean in all three years (+2, +2, and +0.1°C for 2018, 2019, and 2020, respectively). In 
2018, above average rainfall was observed in five of six months during the growing 
season (May – Sep) in Lexington, with Sep precipitation being +274 mm compared to the 
30-yr mean. In 2019, late-season drought conditions occurred in Lexington with only 5 
mm of measurable rainfall and above average temperatures (+4°C) in September. Similar 
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to 2018, 2020 spring (Apr – Jun) and summer (Aug-Oct) rainfall trended above average 
(+172 and +86 mm, respectively) at Lexington. 
Similar to Glendale, growing season rainfall and temperature trended below (-18 
mm) and above (+2°C) average, respectively at Princeton in 2019 (Figure 5.1c). In 
addition, summer drought conditions were also observed at Princeton in 2019, with only 
9 mm of total rainfall and +3°C temperatures compared to the 30-yr mean in September. 
In 2020, growing season rainfall at Princeton trended above average (+106 mm) and 
growing season temperature trended near average (-1°C). Furthermore, spring (Apr - Jun) 
rainfall trended below average (-41 mm) at Princeton in 2020 and summer (Aug – Oct) 
rainfall trended above average (+62 mm).  
5.4.2 Rye Cover Crop Growth and Shoot Biomass Composition 
 Fall RCC planting dates ranged from 1 Oct – 29 Oct and spring RCC termination 
dates ranged from 28 Mar – 20 Apr across location site-years (Table 5.1). Rye cover crop 
shoot biomass averaged 1713, 2132, and 1403 kg ha-1 at Glendale, Lexington, and 
Princeton, respectively. Total RCC shoot N uptake averaged 38, 37, and 28 kg ha-1 at 
Glendale, Lexington, and Princeton, respectively. In addition, the C/N ratio of RCC shoot 
biomass averaged 20, 24, and 21 at the Glendale, Lexington, and Princeton locations, 
respectively. 
5.4.3 Soil Inorganic Nitrogen 
 Preplant soil total inorganic N (NO3-N + NH4-N) was statistically (P ≤ 0.10) 
lower following a RCC than no RCC in 2 of 7 site-years (Figure 5.2). Although statistical 
insignificance was observed in certain site-years, preplant total inorganic N levels trended 
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lower following a RCC in all seven site-years. Overall, total preplant soil inorganic N 
was 19% lower following a RCC compared to no cover crop.   
5.4.4 Corn Plant Stand, V5 Chlorophyll Content, and Grain Yield 
 A RCC did not impact corn plant stand at any location in this research trial (Table 
5.2). However, the inclusion of an in-furrow starter reduced corn plant stands at 2 of 3 
locations (Figure 5.3a). Overall, across all seeding rates examined, an in-furrow starter 
reduced corn plant stand by 3.8 and 2.6% at Glendale and Lexington, respectively. No 
interaction between a RCC and in-furrow starter on plant stand was observed at any 
location.  
Corn V5 chlorophyll content (SPAD) values were significantly impacted by both 
a RCC and in-furrow starter at 2 of 3 locations (Table 5.2). A RCC reduced V5 SPAD 
values by 2.3 and 3.9% at Glendale and Lexington, respectively (Figure 5.3b). However, 
an in-furrow starter increased V5 SPAD values by 3.8 and 3.5%, at Glendale and 
Lexington, respectively. No interaction between an in-furrow starter and a RCC on corn 
V5 SPAD values was observed.  
A RCC reduced corn grain yield at 2 of 3 research locations (Figure 5.3c). Across 
seeding rates and in-furrow starter treatments, a RCC reduced corn yield by 2.0 and 3.3% 
at Lexington and Princeton, respectively. An in-furrow starter did not significantly 
impact corn grain yield at any location. In addition, no interaction between an in-furrow 
starter and a RCC on corn grain yield was observed at any location.  
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5.4.5 Corn Response to Seeding Rate 
Corn plant stand was significantly impacted by corn seeding rate and observed 
plant stands were on average within 7, 8, and 7% of the targeted seeding rate at Glendale, 
Lexington, and Princeton, respectively (Table 5.3). A significant corn yield response to 
seeding rate was observed at 2 of 3 locations (Table 5.2). We did not observe a 
significant corn yield response to corn seeding rate at the Princeton location in either 
2019 or 2020, therefore this data was not included in the quadratic regression analysis 
(Table 5.2; Supplementary Figure 5.6).  
Quadratic regression analysis indicated no significant differences in regression 
parameters between RCC and in-furrow starter treatments at Glendale (Table 5.4; Figure 
5.4). Since no statistical differences were observed between regression parameters across 
treatments at Glendale, it was determined no differences in AOSR or the YAOSR were 
observed between RCC and in-furrow starter treatments. Likewise, no regression 
parameter differences between in-furrow starter treatments were observed at the 
Lexington location, therefore no differences in the AOSR and YAOSR between the in-
furrow starter treatments were observed (Table 5.4). However, at Lexington, both the 
linear and quadratic regression coefficients were statistically lower for corn following a 
RCC compared to no cover crop, which indicated differing corn yield responses to 
seeding rate between RCC treatments (Figure 5.4). In addition, the quadratic model 
maximum point, which indicates the AOSR, could not be calculated in the corn yield 
response to seeding rate following a RCC, regardless of in-furrow starter, at Lexington 
(Table 5.4; Figure 5.5)). However, maximum points could be calculated from the 
quadratic regression model for corn following no cover crop at Lexington (Figure 5.5). 
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This suggests a higher corn seeding rate was required beyond what was examined in this 
research trial when corn followed a RCC at Lexington compared to corn following no 
cover crop.     
5.5 DISCUSSION 
 Most previous research has focused on RCC impacts on environmental benefits 
(e.g., N removal, soil quality) and cash prop production (e.g., plant growth, grain yield). 
However, few research trials have evaluated farmer management practices for reducing 
negative effects from a RCC. The objective of this research trial was to evaluate corn 
growth, grain yield, and optimum seeding rates following a RCC and in-furrow fertilizer 
and fungicide. Overall, our research demonstrated that an in-furrow starter containing 
both fertilizer and fungicide provided no apparent benefit to corn plant stand, yield, and 
AOSR when following a RCC. In addition, our research demonstrated the potential need 
for higher corn seeding rates to maximize yield following a RCC. These results provide 
insight into the role certain corn agronomic management practices have in limiting corn 
stress following a RCC. However, our results also highlight the need for future research.   
 Across corn seeding rates examined, a RCC reduced corn grain yield by an 
average of 2.7% across the Lexington and Princeton research locations and had no effect 
on corn grain yield at the Glendale location (Figure 5.3c). Previous research has shown 
that a RCC can limit corn yield through the uptake and depletion of plant available N and 
N immobilization (Kuo and Jellum, 2002; McSwiney et al., 2010; Krueger et al., 2011). 
Both the Lexington and Princeton locations averaged the highest RCC shoot C/N ratios 
(24 and 21, respectively) (Table 5.1) and exhibited significant reductions in total 
inorganic soil N prior to corn planting following a RCC (Figure 5.2). Although RCC 
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shoot C/N ratio values observed may not be sufficient to cause major N immobilization 
(Clark et al., 1997), the C/N ratio of RCC roots may approach >60, thus causing N 
immobilization (Kuo et al., 1997; McSwiney et al., 2010). The Princeton location was 
also a no-till, corn-corn rotation which can result in lower levels of early-season plant 
available N (64 and 70% lower than Glendale and Lexington, respectively; Figure 2) and 
higher incidence of N immobilization from a RCC due to already present corn residue 
(Green and Blackmer, 1995; Burgess et al., 2002). Further evidence for corn N stress was 
provided by the V5 chlorophyll content, which was significantly lower with a RCC 
compared to no RCC at Lexington. Our results suggest observed yield reductions were 
due to elevated corn N stress following a RCC. In addition, significant corn plant stand 
reductions were not observed following a RCC (Table 5.2), which suggests factors such 
as RCC residue interference (Duiker and Curran, 2005), elevated soil moisture and 
temperature (Wagger and Mengel, 1988; Reed et al., 2019), and seedling disease 
(Acharya et al., 2017), did not contribute to the observed yield reductions in this trial.  
 The AOSR values across RCC and in-furrow starter treatments averaged 92,921 
and 104,863 seeds ha-1 at Glendale and Lexington, respectively (Table 5.4). In contrast, 
despite significant differences in corn plant stand between seeding rates (Table 5.3), a 
significant corn yield response to seeding rate was not observed at Princeton (Table 5.2; 
Supplementary Figure 5.6). The overall corn yield at Princeton was 28 and 23% lower 
than the overall corn yield at Glendale and Lexington, respectively (Figure 5.3). In 
addition, Princeton was a corn-corn rotation and June and July average rainfall, which 
coincided with corn pollination, was 18 and 25% lower across years than Glendale and 
Lexington, respectively (Figure 5.1). The low AOSR values at this location align with 
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Kentucky recommendations and previous research that indicates AOSR values are 
dependent on yield potential environment and soil moisture prior to and after corn 
pollination (Reeves and Cox, 2013b; Woli et al., 2014; Mackey et al., 2016).  
 Corn response to seeding rate was not statistically different between a RCC and 
no cover crop at Glendale, which suggests AOSR adjustments were not required 
following a RCC at this location (Table 5.4). Corn following a RCC at Glendale did not 
result in significant plant stand or yield reductions, which likely contributed to the lack of 
differences in seeding rate response and AOSR values observed. In contrast to Glendale, 
we observed lower linear and quadratic coefficients for corn yield response to seeding 
rate at Lexington following a RCC compared to no cover crop. In addition, a maximum 
point was not achieved in the seeding rate quadratic regression following a RCC at 
Lexington (Figure 5.5), which indicates the required seeding rate to maximize yield was 
beyond the highest seeding rate examined in this trial. This result suggests the potential 
for a higher AOSR requirement for corn following a RCC than no cover crop. However, 
further research that examines corn seeding rates beyond 108726 seeds ha-1 following a 
RCC at this location would be required to determine exact AOSR values.  
We hypothesized that reductions in corn plant stand following a RCC, which are 
often observed (Eckert, 1988; Pantoja et al., 2015; Kaspar and Bakker, 2015; Acharya et 
al., 2017), would be the reason for a higher AOSR requirement to overcome stand and 
yield loss. However, differences in plant stand were not observed between RCC and no 
cover crop at Lexington (Table 5.2). Previous research has attributed a higher corn AOSR 
to higher soil moisture and yield potential (Reeves and Cox, 2013b; Woli et al., 2014; 
Mackey et al., 2016). Yet, corn yield potential was lower following a RCC and the 
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Lexington location was irrigated. To our knowledge, this is the first research trial that has 
examined corn AOSR differences between cover crop treatments and it is unclear as to 
why a higher AOSR was required following a RCC at Lexington in this trial. One 
possible explanation is that the plant stand data were collected from only one harvest 
row, and so we may have not fully captured plant stand reductions following a RCC. This 
explanation is supported by two companion RCC research trials planted at the same time 
and within the same environment at Lexington that exhibited significant corn plant stand 
reductions from a RCC (Quinn et al., 2021, unpublished). Clearly, further research is 
required to understand why a RCC causes increased corn AOSR in some environments. 
Across all three locations, corn yield was not improved from the inclusion of an 
in-furrow starter containing fertilizer and fungicide (Table 5.2, Figure 5.3). In addition, 
no interaction between a RCC and the in-furrow starter was observed at any of the 
locations. Despite observed N stress, decreased V5 chlorophyll content, and lower soil 
inorganic N following a RCC, an in-furrow starter containing N fertilizer did not improve 
corn yield. However, the in-furrow starter did significantly improve corn V5 chlorophyll 
content at 2 of 3 locations (Figure 5.3). Early-season corn growth responses to in-furrow 
starter with no translation to grain yield is a common observance in previous starter 
fertilizer research (Bermudez and Mallarino, 2002; Vetsch and Randall, 2002; Rutan and 
Steinke, 2018). When applied directly into the seed furrow, fertilizer rates are limited to 
avoid seeding ammonia toxicity and/or salt injury (Niehues et al., 2004; Rehm and Lamb, 
2010). Early-season N stress observed in corn following a RCC in this trial indicates the 
potential for starter fertilizer applications to overcome these issues. However, the in-
furrow fertilizer rate utilized in the trial was 2.3 kg N ha-1 and was likely too low to 
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alleviate corn N stress and improve corn yield in this trial. Therefore, farmers may benefit 
from using a starter application with a larger soil buffer and distance from the seed (e.g., 
5 cm to side x 5 cm below the seed), allowing greater starter fertilizer rates to be applied 
to overcome N stress caused by a RCC (Niehues et al., 2004; Rutan and Steinke, 2018). 
Similar to the fertilizer component of the in-furrow starter, there was no evidence that 
the fungicide component of the starter benefited corn yield at any location. Previous 
research has shown greater corn seedling disease incidence following a RCC (Bakker et 
al., 2016; Acharya et al., 2017). However, visual corn seedling disease symptoms were 
not observed in this trial. Additionally, in a companion research trial corn plants were dug 
and assessed for root disease at V2-3, and both disease incidence and severity was low, 
regardless of cover crop treatment (Quinn et al., 2021, unpublished). Corn seed in this 
trail was treated with both ipconazole and ethaboxam fungicide, which can limit corn 
seedling disease infection (Pioneer Hi-Bred, Johnston, IA). Therefore, a fungicide seed 
treatment may be sufficient to prevent corn seedling disease infection following a RCC. 
Previous research has shown that prophylactic applications of in-furrow fungicides in 
combination with in-furrow fertilizer do not improve yield or profitability in the absence 
of disease (Pierson et al., 2018). Therefore, farmers may be able to reduce input costs by 
avoiding an in-furrow fungicide with a fungicide seed treatment following a RCC. 
However, further research examining this question in an environment with high disease 
pressure is recommended.  
Quadratic regression analysis indicated no differences in corn yield response to 
seeding rate and AOSR from the inclusion of an in-furrow starter (Table 5.4). However, 
the in-furrow starter combination of fertilizer and fungicide resulted in significant corn 
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stand reductions at 2 of 3 locations (Figure 5.3). In comparison, Pierson et al. (2018) 
observed a 9% reduction in soybean stand from an in-furrow fungicide + fertilizer 
application. However, the authors did not examine ammonium polyphosphate (10-34-0) 
fertilizer in combination with pyraclostrobin fungicide, which was used in this trial 
(Pierson et al., 2018). In this trial, fertilizer and fungicide were not applied separately, 
however in a companion study, fertilizer and fungicide were applied alone and no 
significant corn stand loss was observed from either product (Quinn et al., 2021, 
unpublished). This result suggests potential product antagonism between the fertilizer and 
fungicide applied resulting in negative impacts on corn seedling growth. In addition, tank 
mixing of the fungicide used in this trial in combination with fertilizer requires constant 
tank agitation to prevent product separation (BASF Corporation, Research Triangle Park, 
NC). The small-plot research equipment used in this trial does not allow for constant tank 
agitation for in-furrow products applied at planting. Therefore, separation may have 
occurred, thus resulting in instances of higher product application rates applied within the 
seed furrow that could result in seedling injury (Pierson et al., 2018). However, the 
reasoning for this potential antagonism or product separation is unclear, and due to the 
limited research on this specific topic, further examination may be required.  
5.6 CONCLUSIONS 
 This research demonstrates that a RCC can reduce early-season plant available N, 
corn chlorophyll content, and grain yield. Overall, our results showed that an in-furrow 
starter combination of both fertilizer and fungicide was not sufficient in overcoming 
early-season corn stress and yield reductions following a RCC. In addition, the in-furrow 
application of both fertilizer and fungicide simultaneously at planting resulted in product 
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antagonism that led to significant corn stand loss. Furthermore, our results demonstrated 
that corn following a RCC may require a higher seeding rate to maximize yield in some 
environments. This research trial represents the first attempt to quantify optimum corn 
seeding rate following different RCC and in-furrow starter treatments and contributes to 
the overall understanding of how farmer management practices can be refined to 
optimally integrate cover crops into a corn production system.  
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Figure 5.1. Mean monthly air temperature (lines and points) and precipitation (bars) and respective 30-year means (1981-2010) across 










Table 5.1. Individual site-year rye planting date and termination date, and mean aboveground biomass, total carbon (C), total nitrogen 
(N), and C:N ratio of rye samples taken prior to termination. Glendale, Lexington, and Princeton, KY (2018-20).  






Total C Total N C:N 
Ratio 
    kg ha-1 kg ha-1 kg ha-1  
Glendale 2019 9 Oct. 6 Apr. 1607.4 672.2 42.6 16 
 2020 1 Oct. 15 Apr. 1819.1 769.6 31.9 24 
        
Lexington 2018 28 Oct. 20 Apr. 575.1 231.5 14.8 16 
 2019 11 Oct. 10 Apr. 2640.1 1096.9 53.3 21 
 2020 7 Oct. 15 Apr. 3183.8 1369.1 41.9 34 
        
Princeton 2019 29 Oct. 28 Mar. 637.8 269.8 16.8 16 














Figure 5.2. Individual site-year mean soil inorganic nitrogen (NH4-N + NO3-N) levels (0-30 cm) sampled one day prior to corn 
planting. Glendale (a), Lexington (b), and Princeton (c) KY (2018-20). *Bars with dissimilar lowercase letters within each location 








Table 5.2. Analysis of variance for corn plant stand, V5 chlorophyll content (SPAD), and 
grain yield in response to rye cover crop (RCC), in-furrow (starter) and corn seeding rate, 
combined across years for each location. Glendale, Lexington, and Princeton, KY (2018-
20).  
Location Source Plant Stand V5 SPAD† Grain Yield 
  ---------------------- P > F ---------------------
 Glendale Rye Cover Crop  0.9954 <0.0001 0.5306 
 In-Furrow Starter (IF) 0.0497* 0.0001 0.6852 
 Corn Seeding Rate <0.0001 0.0009 <0.0001 
 RCC * IF Starter 0.1571 0.2817 0.4654 
 RCC * Seeding Rate 0.9958 0.4814 0.9579 
 IF Starter * Seeding Rate 0.2214 0.5997 0.5356 
 RCC * IF * Seeding Rate 0.1775 0.7010 0.8011 
     
Lexington Rye Cover Crop  0.6012 0.0974 0.0385 
 In-Furrow Starter 0.0452 0.0127 0.1793 
 Corn Seeding Rate <0.0001 0.1833 <0.0001 
 RCC * IF Starter 0.1953 0.5115 0.6850 
 RCC * Seeding Rate 0.5280 0.7605 0.1401 
 IF Starter * Seeding Rate 0.9950 0.7857 0.5968 
 RCC * IF * Seeding Rate 0.6374 0.6846 0.3973 
     
Princeton Rye Cover Crop  0.7192 0.1278 0.0831 
 In-Furrow Starter 0.4724 0.3779 0.4839 
 Corn Seeding Rate <0.0001 0.2363 0.1943 
 RCC * IF Starter 0.9950 0.3428 0.6585 
 RCC * Seeding Rate 0.7503 0.9593 0.9346 
 IF Starter * Seeding Rate 0.8156 0.8242 0.9964 
 RCC * IF * Seeding Rate 0.5855 0.9921 0.9839 
† V5 SPAD, chlorophyll content of uppermost, fully collared leaf of the corn plant at growth stage V5. 





Figure 5.3. Corn grain yield (a), plant stand (b), and growth stage V5 uppermost collared leaf chlorophyll content (SPAD) (c) in 
response to rye cover crop and in-furrow starter combined across all seeding rates examined and years for each location. Glendale, 
Lexington, and Princeton KY (2018-20). Dissimilar lowercase letters indicate significant yield, stand, and SPAD differences between 
in-furrow starter treatments at P ≤ 0.10. Dissimilar uppercase letters indicate significant yield, stand, and SPAD differences by cover 
crop presence at P ≤ 0.10. Diamonds indicate treatment means. Analysis of variance is present in Table 5.2.  
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Table 5.3. Actual corn population determined at the V4 corn growth stage following 
planting as compared to the targeted corn population combined across years for each 
location. Glendale, Lexington, and Princeton, KY (2018-20). 
Location Targeted Corn Population Actual Corn Population 
 ----------- seeds ha-1 ---------- ----------- seeds ha-1 ---------- 
Glendale 49400 46600 e* 
 64200 62800 d 
 79000 72700 c 
 93900 86600 b 
 108700 97500 a 
   
Lexington 49400 46700 e 
 64200 60400 d 
 79000 71600 c 
 93900 85200 b 
 108700 100000 a 
   
Princeton 49400 49200 e 
 64200 65900 d 
 79000 75400 c 
 93900 83500 b 
 108700 93600 a 
* Corn population means within each column and individual location followed by the same letter are not 















Table 5.4. Regression model parameters, agronomic optimum nitrogen rate (AONR) and corn yield at the agronomic optimum 
nitrogen rate (YAONR) describing the corn grain yield response to rye cover crop (RCC), nitrogen (N) fertilizer application timing, 
and N fertilizer rate, across sites and years. Glendale and Lexington, KY (2018-20). The Princeton location was not included in the 
regression analysis due the effect of corn seeding rate not being statistically significant (Table 5.2).  
   Regression Parameters    






R2 AOSR§ YAOSR‡ 
       seeds ha-1 Mg ha-1 
Glendale No No 3.328 a* 0.000265 a -1.489e-09 a 0.25 88986 15.12 
 No Yes 3.406 a 0.000261 a -1.400e-09 a 0.30 93214 15.52 
 Yes No 6.794 a 0.000188 a -9.874e-10 a 0.30 95180 15.31 
 Yes Yes 3.128 a 0.000255 a -1.352e-09 a 0.20 94305 15.07 
         
Lexington No No 3.740 a 0.000212 a -1.064e-09 a 0.60 99624 14.46 
 No Yes 4.018 a 0.000204 a -9.963e-10 a 0.60 102378 14.72 
 Yes No 6.886 a 0.000139 b -6.076e-10 b 0.55 108726§ 14.38 
 Yes Yes 5.801 a 0.000147 b -6.295e-10 b 0.42 108726 14.25 
† Q, quadratic regression model.  
§ AOSR, agronomic optimum seeding rate. Agronomic optimum seeding rate values of 108726 indicate the highest seeding rate examined in the research trials. 
‡ YAOSR, corn grain yield at the AOSR. 











Figure 5.4. Corn grain yield response to in-furrow starter (IF), and corn seeding rate following no cover crop (a) or following a rye 
cover crop (b) combined across years. Glendale, KY (2019-20). Vertical lines and numbers illustrate the agronomic optimum seeding 
rate (AOSR) for each respective IF starter and cover crop treatment, and numbers within parentheses illustrate the corn grain yield at 










Figure 5.5. Corn grain yield response to in-furrow starter (IF), and corn seeding rate following no cover crop (a) or following a rye 
cover crop (b) combined across years. Lexington, KY (2018-20). Vertical lines and numbers illustrate the agronomic optimum seeding 
rate (AOSR) for each respective IF starter and cover crop treatment, and numbers within parentheses illustrate the corn grain yield at 












Supplementary Figure 5.6. Corn grain yield response to in-furrow starter (IF), and corn seeding rate following no cover crop (a) or 
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